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ABSTRACT
This study sedimentologically, stratigraphically, and diagenetically analyzed strata of the
upper member of the Lower Cretaceous Yucca Formation in the Indio Mountains, West Texas in
order to develop an outcrop-based analog model for similar facies that form major hydrocarbon
reservoirs in the Pre-salt rift basins of the South Atlantic margin. The lower Cretaceous strata of
the Indio Mountains were deposited in rift basins that formed along the eastern margin of the
Chihuahua Trough under similar greenhouse climate conditions as the South Atlantic basins.
Eleven lithofacies are recognized from the upper member of the Yucca Formation to the
base of the overlying Bluff Mesa Formation. The lithofacies are: 1) siliciclastic channelized
sandstone and conglomeratic sandstone, 2) carbonate-clast channelized conglomerate, 3)
polymict-clast channelized conglomerate, 4) burrowed fine-grained sandstone containing
localized lenses of thrombolite, 5) fine-grained sandstone containing carbonate septarian
concretions, 6) calcite radial fans, 7) stromatolitic bindstone, 8) dolomudstone, 9) sandy oysterrich packstone, 10) lime mudstone and 11) fossiliferous packstone. These eleven lithofacies were
further grouped into four depositional facies associations: 1) fluvial channel, 2) lacustrine littoral,
3) marginal marine and 4) normal marine open shelf.
The upper member of the Yucca Formation comprises eleven cycles of interstratified
lacustrine and fluvial facies associations. Cycles consist of an upward shallowing and coarsening
lithofacies progression from 1) lacustrine fine-grained sandstone containing localized
thrombolite lenses; to 2) lacustrine massive fine-grained sandstone containing irregular carbonate
septarian concretions and localized calcite radial fans; to 3) lacustrine stromatolitic bindstone; to
4) lacustrine dolomudstone, capped by 5) fluvial channel facies with a basal lag commonly
containing clasts of the underlying lacustrine facies including stromatolite, carbonate
vi

concretions, lime mudstone and lithic clasts of sandstone or siltstone. Not all facies are present in
every cycle and the spatial and temporal variations of lithofacies within cycles are attributed to
the interplay between rift tectonics and climate. The cyclic repetition of lacustrine to fluvial
depositional systems is attributed to climate shifts from semi-humid to semi-arid where increased
surface runoff during more humid conditions formed lakes. With increased aridity the lakes dried
up and rivers developed across the basin. Cycles display a long-term trend of increase in average
thickness and increase in dominance of lacustrine facies within a cycle. This trend is related in
this study to long-term climate change to more humid/higher rainfall climatic conditions.
In the Echo Canyon area of the Indio Mountains a series of normal fault-bounded uplifts
and basins with minor syndepositional offset on faults of a few meters were identified. The
subtle differences in bathymetry/topography generated by the faults significantly influenced
lacustrine facies distribution. The stromatolitic bindstone and dolomudstone developed
preferentially on syndepositional horst blocks, whereas the lacustrine fine-grained sandstone
with calcite radial fans are only present within down-dropped grabens directly adjacent to faults.
The faults acted as conduits for Ca-saturated waters that degassed upon reaching the surfaces
along seeps resulting in calcite precipitation on the lake floor. No syndepositional faults were
recognized in the Squaw Canyon area.
Diagenetic alterations and paragenetic sequence are similar in the same facies between
the Echo and Squaw canyons. Mineral replacements including dolomitization and silicification
were identified in all lithofacies except for thrombolite and calcite radial fans. Furthermore
porosity in all lithofacies (1 – 2%) was reduced by cementation and replacement and was slightly
improved by dissolution channels that formed in a relatively deep burial diagenetic environment.
The only evident spatial variation regarding diagenetic features in the area was the localized
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presence of hydrothermally-derived saddle dolomites that are spatially associated with a Tertiary
igneous dike in Squaw Canyon and normal faults in Echo Canyon.
Stratigraphic cyclicity within the upper member of the Yucca Formation in the study area
was dominantly controlled by climate fluctuation, whereas syndepositional faulting played an
important role controlling local facies type within lacustrine facies association and lateral facies
distribution.

viii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ..........................................................................................................V
ABSTRACT................................................................................................................................ VI
TABLE OF CONTENTS ............................................................................................................ IX
LIST OF TABLES ..................................................................................................................... XII
LIST OF FIGURES ................................................................................................................... XIII
CHAPTER 1: INTRODUCTION ................................................................................................. 1
1.1 Geologic Setting.................................................................................................................. 5
1.2 Methods............................................................................................................................. 11
CHAPTER 2: RESULTS ............................................................................................................ 14
2.1 Lithofacies and Depositional Facies Associations ............................................................ 14
2.2 Fluvial Channel Facies Association .................................................................................. 21
2.2.1 Fluvial Channel Lithofacies Types ............................................................................ 25
Siliciclastic Channels ...................................................................................................... 25
Carbonate-Clast Channels.............................................................................................. 28
Polymict-Clast Channels ................................................................................................ 31
2.3 Lacustrine Littoral Facies Association.............................................................................. 37
2.3.1 Burrowed Fine-grained Sandstone Containing Thrombolite Lenses ......................... 37
Depositional Environment Interpretation ....................................................................... 42
2.3.2 Thick to Massive Fine-grained Sandstone Containing Carbonate Septarian
Concretions ......................................................................................................................... 45
Carbonate Septarian Concretions .................................................................................. 47
Depositional Environment Interpretation ....................................................................... 55
ix

2.3.3 Massive Fine-grained Sandstone Containing Calcite Radial Fans ............................ 59
Growth Models of Calcite Radial Fans .......................................................................... 63
2.3.4 Stromatolitic Bindstone ............................................................................................. 65
Depositional Environment Interpretation ....................................................................... 69
2.3.5 Dolomudstone ............................................................................................................ 71
Depositional Environment Interpretation ....................................................................... 72
2.4 Marginal Marine Facies Association ................................................................................ 73
2.4.1 Sandy, Oyster-rich Packstone .................................................................................... 74
Depositional Environment Interpretation ....................................................................... 76
2.4.2 Lime Mudstone .......................................................................................................... 78
Depositional Environment Interpretation ....................................................................... 80
2.5 Normal-Marine Facies Association................................................................................... 82
2.5.1 Fossiliferous Packstone .............................................................................................. 82
Depositional Environment Interpretation ....................................................................... 84
2.6 Stratigraphic Cyclicity and Controls ................................................................................. 86
CHAPTER 3 LACUSTRINE LITTORAL FACIES DEPOSITIONAL MODEL ...................... 92
CHAPTER 4 SUMMARY AND CONCLUSIONS .................................................................. 101
4.1 Vertical Facies Variation and Its Control ....................................................................... 101
4.2 Lateral Facies Variation and Its Control ......................................................................... 103
4.3 Diagenetic Variation ....................................................................................................... 103
4.4 Depositional Models ....................................................................................................... 104
REFERENCES ......................................................................................................................... 106
APPENDIX ............................................................................................................................... 117

x

VITA ......................................................................................................................................... 136

xi

LIST OF TABLES
Table 2.1: Brief description of the fluvial channel facies association recognized in the upper
member of the Yucca Formation in the study area ......................................................................... 16
Table 2.2: Brief description of the lacustrine littoral facies association recognized in the upper
member of the Yucca Formation in the study area ......................................................................... 17
Table 2.3: Brief description of the marginal marine and normal-marine open shelf facies
association from basal Bluff Mesa Formation in the study area ..................................................... 18
Table 2.4: Stratigraphic cyclicity in the Upper Member of Yucca Formation ............................... 87

xii

LIST OF FIGURES
Figure 1.1: Classification of microbialite (Riding, 2000). ................................................................ 2
Figure 1.2: Current mountain belts near US-Mexico border and simplified geologic map (insert
figure) of the south Indio Mountains. Modified after Rohrbaugh (2001) and Page (2011). ............ 4
Figure 1.3: Simplified stratigraphic column and description of rock units in the Indio Mountains. 7
Figure 1.4: Regional stratigraphic correlation from the eastern margin towards the basinal areas of
the Chihuahua Trough. Compiled from King and Adkins (1946) and Underwood (1980). ........... 10
Figure 1.5: Aerial photo of the south thrust panel in the Indio Mountains displaying locations of
measured sections and faults. .......................................................................................................... 13
Figure 2.1: Stratigraphic correlation diagram of depositional cyclicity and facies distribution
between Echo and Squaw canyons, Indio Mountains. .................................................................... 19
Figure 2.2: Idealized depositional cycle of lithofacies in the upper member of the Yucca
Formation. ....................................................................................................................................... 20
Figure 2.3: Outcrop photograph of fluvial channels in the upper member of Yucca Formation near
Squaw Canyon. ............................................................................................................................... 23
Figure 2.4: Outcrop photograph of laterally continuous nature of coalescing fluvial channels in
the Kuy near Squaw Canyon........................................................................................................... 24
Figure 2.5: Outcrop photograph of siliciclastic-clast channel. ....................................................... 26
Figure 2.6: Photomicrographs of quartz sandstone in siliciclastic-clast channel lithofacies. ......... 27
Figure 2.7: Outcrop photograph of carbonate-clast channel. .......................................................... 29
Figure 2.8: Photomicrographs of lime-mudstone conglomerate within carbonate-clast channel
facies. .............................................................................................................................................. 30
Figure 2.9: Outcrop photograph of basal lag consisting polymict clasts within fluvial channel. ... 32
xiii

Figure 2.10: Photograph of clast types within polymict-clast channel facies................................. 33
Figure 2.11: Photomicrographs of pebbles within polymict-clast channel..................................... 35
Figure 2.12: Outcrop photograph of lacustrine burrowed fined-grained sandstone. ...................... 38
Figure 2.13: Photomicrographs of lacustrine burrowed fined-grained sandstone. ......................... 41
Figure 2.14: Outcrop photograph and photomicrographs of thrombolite lense.............................. 43
Figure 2.15: Outcrop photograph of massive fine-grained sandstone containing carbonate
septarian concretions. ...................................................................................................................... 46
Figure 2.16: Photomicrographs of lacustrine massive fine-grained sandstone............................... 47
Figure 2.17: Photomicrographs of carbonate septarian concretions with different width of
septarian cracks. .............................................................................................................................. 49
Figure 2.18: Photomicrographs of diagenetic features in carbonate septarian concretions. ........... 51
Figure 2.19: Polished slabs and photomicrographs of carbonate septarian concretions containing
saddle dolomite. .............................................................................................................................. 53
Figure 2.20: Photomicrographs of a carbonate septarian concretion showing variation trend of
dolomitization. ................................................................................................................................ 56
Figure 2.21: Process of the dolomitization within the carbonate septarian concretion in Figure
2.20.................................................................................................................................................. 57
Figure 2.22: Outcrop photograph of carbonate (calcite) radial fans. .............................................. 60
Figure 2.23: Outcrop photograph of 3D exposure of composite calcite radial fans. ...................... 61
Figure 2.24: Micrographs of carbonate radial fans. ........................................................................ 62
Figure 2.25: Outcrop photograph of lacustrine stromatolite........................................................... 67
Figure 2.26: Outcrop photograph of lacustrine stromatolite exposed in the south thrust panel of
the Indio Mountains. ....................................................................................................................... 68

xiv

Figure 2.27: Photomicrographs of stromatolite. ............................................................................. 70
Figure 2.28: Outcrop photographs and photomicrographs of lacustrine dolomudstone. ................ 72
Figure 2.29: Outcrop photograph of marginal marine oyster-rich sandy lime packstone (OSL). .. 75
Figure 2.30: Photomicrographs of marginal marine sandy oyster-rich lime packstone (OSL). ..... 77
Figure 2.31: Outcrop photographs of marginal marine lime mudstone (LM). ............................... 79
Figure 2.32: Photomicrographs of marginal marine lime mudstone (LM). .................................... 81
Figure 2.33: Outcrop photograph of shallow-marine fossiliferous lime packstone (FLP). ............ 83
Figure 2.34: Photomicrographs of shallow-marine fossiliferous lime packstone (FLP). ............... 85
Figure 2.35: Temporal and spatial distribution of some unique facies. .......................................... 89
Figure 3.1: Major settings for microbial carbonate development. Modified after Wright (2013).. 93
Figure 3.2: Panoramic view of lateral facies variation (See Figure 2.35 for the location of Fault
7, 8 and 9). ...................................................................................................................................... 95
Figure 3.3: Detailed lateral facies variation on graben and horst blocks in Figure 3.2 .................. 96
Figure 3.4: Depositional environment model and lateral facies relationships in the Kuy from the
central thrust panel of the Indio Mountains. ................................................................................... 97

xv

CHAPTER 1: INTRODUCTION
Recent successful hydrocarbon exploration along the South Atlantic margin in Lower
Cretaceous, rift-related, Pre-salt lacustrine carbonate facies has generated great interest in
understanding depositional and diagenetic controls on non-marine carbonate reservoir facies. An
important facies in lacustrine carbonate reservoirs are microbialites (e.g. Ahr, 2009; Guidry et
al., 2009; Ahr et al., 2011; Buchheim and Stanley, 2012; Wasson et al., 2012; Bahniuk et al.,
2013). Microbialites are deposits that form as a result of the interplay between benthic microbial
communities and detrital sediment and/or precipitated minerals and they form in both marine and
non-marine settings (Burne and Moore, 1987; cf. Harris et al., 2013). Microbialites have been
separated into four main types (Riding, 2000) based on internal fabric and external geometry:
1) stromatolite (laminated; c.f. Grotzinger and Knoll, 1999), 2) thrombolite (clotted; c.f.
Feldmann and MaKenzie, 1998), 3) dendrolite (dendritric) and 4) leiolite (aphanitic) (Riding,
2000; Figure 1.1). Stromatolites and thrombolites are the most common types of microbial
reservoir rocks in marine carbonates, and their texture and distribution have an important impact
on reservoir quality (Ahr, 2009). However, little is known about the types of microbialite fabrics
or geometries that form in lacustrine microbialites.
Studies of the South Atlantic Pre-salt lacustrine microbial carbonate reservoirs are
primarily based on subsurface geophysical and well log datasets. The well log datasets often
have large distances between wells and much of the current data has not been released to the
public domain. Lacustrine microbialite reservoir rocks in both the Campos and Santos basins of
the Brazilian South Atlantic margin formed within the syn-rift sag interval of the rift basin
history (e.g. Mohriak et al., 1990; Henry, 2009; Beasley et al., 2010; Beglinger et al., 2012).
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Figure 1.1: Classification of microbialite (Riding, 2000).

The current practice in the petroleum industry is to apply this general conclusion to other
rift basins of the South Atlantic margins (Beglinger et al., 2012). Determination of the reservoirscale spatial and temporal depositional and diagenetic facies variations within these complicated
non-marine reservoirs is very difficult from the limited available geophysical and well log
datasets. However, documentation of reservoir architecture and internal heterogeneity is
paramount to understanding controls on the system and developing predictive exploration and
production models. Therefore, outcrop analog studies are typically utilized in situations where
subsurface data are sparse to provide the detailed database to build reservoir models.
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In lacustrine systems, tectonic setting and climate play a fundamental role in controlling
depositional patterns, stratigraphic cyclicity, microbial-mineral interactions, and diagenetic
pathways (Platt and Wright, 1991; Bohacs et al., 2002 and 2003; Gierlowski-Kordesch, 2010;
Della Porta and Barilaro, 2011; Wright, 2012). South Atlantic Pre-salt lacustrine microbialite
systems are generally interpreted to have been deposited in high-alkalinity rift lakes during
greenhouse climatic conditions (Love, 2011; Dorobek et al., 2012; Anelize et al., 2013). Most of
the current published studies of microbialite facies architecture are from marine depositional
systems (e.g. Jahnert and Collins, 2011; Hamon et al., 2012; Jahnert and Collins, 2012; Droxler
et al., 2014; Mercado et al., 2014), which form in very different water chemistries than the calcalkaline chemistries proposed for the South Atlantic Pre-salt lacustrine systems (Love, 2011;
Dorobek et al., 2012; Anelize et al., 2013). In addition, the few existing analog studies of
lacustrine microbialite facies are based on either modern icehouse climate lacustrine systems,
such as the East African rift lakes (Cohen and Thouin, 1987; Cohen, 1989; Casanova, 1994), and
the Great Salt Lake (Carozzi, 1962; Pedone and Folk, 1996) or ancient non-rift basins, such as
the Eocene Green River Formation, Utah (Buchheim and Stanley, 2012; Stanley and Buchheim,
2013; Seard et al., 2013). In order to generate applicable reservoir models for the South Atlantic
discoveries, it is essential that detailed outcrop analog studies utilize temporal, tectonic setting,
and climatic regime equivalents to the Lower Cretaceous, syn-rift, greenhouse South Atlantic
lacustrine reservoirs/traps.
The Cretaceous strata of the Indio Mountains, West Texas (Figure 1.2) provide an
exceptionally well exposed, laterally continuous outcrop belt of Lower Cretaceous nonmarine to
marine, rift-basin strata (Underwood, 1962; Haenggi, 2002; Page, 2011).
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Figure 1.2: Current mountain belts near US-Mexico border and simplified geologic map (insert
figure) of the south Indio Mountains. Modified after Rohrbaugh (2001) and Page
(2011).
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This study focuses on analysis of the lacustrine microbialite-bearing facies present within
the upper member of the Yucca Formation within the Indio Mountains, in order to provide a
temporally, tectonically and climatically equivalent outcrop analog to the South Atlantic Pre-salt
lacustrine microbialite reservoirs. The goals of this study are to: 1) document the depositional
and diagenetic attributes of the syn-rift lacustrine microbialite lithofacies present within the
upper member of the Yucca Formation exposed in the Indio Mountains and to determine the
geobody geometry, spatial and temporal facies distribution, diagenetic alteration and their
relationship if any, to faults in the area; 2) determine the controls on spatial and temporal
depositional and diagenetic facies variation; 3) propose a depositional model for the upper
member of the Yucca Formation in the study area; and 4) compare the proposed upper member,
Yucca Formation microbialite model to current lacustrine microbialite models with regard to
controls on reservoir facies architecture.
This study provides the first temporally, tectonically, and climatically equivalent Pre-salt
lacustrine reservoir outcrop analog. Results from this study may significantly increase prediction
of reservoir quality and heterogeneity and lower exploration and production risk in the highly
complex lacustrine microbialite petroleum systems of South Atlantic Pre-salt rift basins.
1.1 Geologic Setting
The Indio Mountains are located in West Texas along the US-Mexico border,
approximately 200 km southeast of El Paso (Figure 1.2). They form the southern extension of the
north-northwest-trending Eagle Mountains and terminate to the south at the Rio Grande/USMexico border. The range contains exposures of Lower Cretaceous strata deposited on the
eastern margin of the Chihuahua trough (Underwood, 1962; Deford, 1964). The Chihuahua
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trough is a northwest-southeast-trending Mesozoic rift basin bounded by the Diablo platform to
the northeast and by the Aldama platform to the southwest in Mexico (Haenggi, 2002).
Subsequent Laramide-age (Late Cretaceous to Eocene) crustal shortening (Bird, 1998)
locally inverted strata of the Chihuahua trough. Thrust inversion placed Chihuahua trough rift
strata over Precambrian and lower Paleozoic rocks of the adjacent Diablo platform. However, in
the Indio Mountains, only Lower Cretaceous rocks of the eastern Chihuahua trough are exposed
within three Laramide-age thrust sheets (Figure 1.2 insert map; Page, 2011). Small-scale faults
offsetting the Lower Cretaceous strata have been mapped within the three thrust panels by Page
(2011). Recent work by P. Budhathoki and R. Langford (personal communication) have
identified additional syndepositional faults between Echo and Squaw canyons that cut the Yucca
Formation (Figure 1.2 insert map).
The Cretaceous rock units (Aptian to Cenomanian) exposed in the Indio Mountains in
stratigraphic order are the: Yucca Formation, Bluff Mesa Formation, Cox Sandstone, Finlay
Limestone, Benevides Formation, and Espy Limestone (Underwood, 1962; Figure 1.3). The
lithostratigraphy of the Indio Mountains has been described in detail by Underwood (1962), and
a brief description of the Cretaceous rock units within the Indio Mountains is provided below
and on Figure 1.3.
Yucca Formation
The Yucca Formation is the oldest rock unit outcropping in the Indio Mountains and the
base is not exposed and truncated by faults. Locally it is up to 610 m in thickness (Underwood,
1962; Page, 2011). It is informally subdivided into two members based on an abrupt change in
sediment texture. The lower member comprises mostly coarse-grained, conglomerate-rich
siliciclastic fluvial and alluvial facies. The upper member mainly comprises finer-grained fluvial
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Figure 1.3: Simplified stratigraphic column and description of rock units in the Indio Mountains.
Modified from Underwood (1962) and Rohrbaugh (2001).
7

conglomerate, sandstone, siltstone, and mudstone and subordinate lacustrine to marginal marine
limestone. The boundary between the upper and lower members is identified by an abrupt finingupward change from coarse-grained, poorly-sorted conglomerate and conglomeratic sandstone to
sandstone and siltstone interbedded with thin limestone (Underwood, 1962). The Yucca
Formation forms part of the syn-rift sequence of the Chihuahua trough, which is transgressively
overlain by shallow-marine carbonate strata of the Bluff Mesa Formation (Underwood, 1962;
Haenggi, 2002).
Bluff Mesa Formation
The Bluff Mesa Formation conformably overlies the Yucca Formation. It is up to 242 m
thick and characterized by gray to dark gray, fossiliferous and oolitic limestone interbedded with
fine-grained quartz sandstone. It is interpreted as deposited under normal marine conditions on a
shallow shelf. The presence of the foraminifera Orbitalina is used to identify the Bluff Mesa
Formation, because it is only present in this formation in the area (Underwood, 1962).
Cox Sandstone
The Cox Sandstone unconformably overlies the Bluff Mesa Formation and is up to 365 m
thick. It contains cross-bedded, fine- to medium-grained quartz sandstone that was deposited in a
fluvial and shallow-marine environments (Budhathoki et al., 2010). On outcrop it weathers paleyellow to light-gray weathering color and is stained by iron-oxide (Underwood, 1962).
Budhathoki (personal communication, 2012) has documented syndepositional normal faults
within the Cox Sandstone within the Echo Canyon area.
Finlay Limestone
The Finlay Limestone conformably overlies the Cox Sandstone and is up to 244 m thick.
It is characterized by gray to dark gray, thick to massive limestone beds (1 to 3m) with abundant
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bivalves (including local Rudistid reefs) and gastropods. It was deposited in a shallow shelf
marine environment (Underwood, 1962; Malott and Reaser, 1993).
Benevides Formation
The Benevides Formation conformably overlies the Finlay Limestone and consists of two
units that total approximately 30 m in thickness. The lower unit is composed of shaley siltstone
and the upper unit is identifiable by orange to brown sandstone with cross bedding and burrows
(Underwood, 1962).
Espy Limestone
As the topmost unit of Cretaceous rock exposed in the study area, conformably overlies
the Benevides Formation and reaches 300 m in thickness. The Espy Limestone mostly consists
of medium to dark gray limestone, but the lower half contains shale with interbedded nodular
limestone and marl with decreasing mollusk abundance upward (Underwood, 1962).
It is widely accepted that the Cretaceous had a greenhouse climate globally (e.g. Spicer
and Corfield, 1992; Wang et al., 2014). The Albian sediments including the Yucca Formation
and its basinal equivalent, Las Vigas Formation in the Chihuahua Trough were preserved in a
syn-rift stage until the end of Aptian when the Bluff Mesa Formation and its stratigraphic
equivalent formations were deposited (Figure 1.4). The Bluff Mesa Formation represents the first
post-rift marine transgression onto the adjacent platform areas on the eastern margin of the
Chihuahua Trough (Haenggi, 2002).
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Figure 1.4: Regional stratigraphic correlation from the eastern margin towards the basinal areas
of the Chihuahua Trough. Compiled from King and Adkins (1946) and Underwood
(1980).
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1.2 Methods
This study focused on detailed facies analysis of the non-marine succession from the
base of the upper member of the Yucca Formation to the base of the normal marine Bluff
Mesa Formation. Detailed field mapping and measuring of stratigraphic sections were
conducted within the south thrust plate and concentrated between two major canyons, Squaw
and Echo canyons (Figure 1.5).
Field mapping was conducted using GPS, Brunton compass and high-resolution (5m
resolution) satellite images to pinpoint lithofacies boundaries, geometry of lithofacies and fault
distribution. Seven stratigraphic sections between Squaw and Echo canyons were measured
using GPS, Brunton compass and Jacob’s staff.. Five closely spaced sections were measured
close within the Echo Canyon area in order to document facies variations in the vicinity of
faults. Two sections were completed near Squaw Canyon. No sections were measured in the
central area between Squaw and Echo canyons due to the poor outcrop exposure in this area.
However, correlation of sections between the two canyons was accomplished by mapping and
walking out of marker beds. Hand samples were collected for polished slabs and thin section
petrographic analysis of bed where obvious changes in lithology, texture or structure occur
Petrographic analysis was performed on 20 polished slabs and 142 thin sections.
Petrographic analysis of each sample entailed a description of lithology, sedimentary
structures, fossil content, cement types, diagenetic alterations, paragenetic sequence, porosity
categories and other key features in order to identify and interpret depositional and diagenetic
environments. Additionally, detailed documentation of 1) types of microbialite facies
categorized by texture and structure and 2) diagenetic features among different microbialite
sub-facies, such as stromatolite, thrombolite, microbialite-bearing breccia, were collected in an
11

effort to understand the relationship of diagenesis to depositional facies and faulting. Field
mapping, measured sections and petrographic analysis permitted identification of lithofacies,
depositional facies associations, and stratigraphic cyclicity within the upper member of the
Yucca Formation.
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Figure 1.5: Aerial photo of the south thrust panel in the Indio Mountains displaying locations of measured sections and faults.
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CHAPTER 2: RESULTS
2.1 Lithofacies and Depositional Facies Associations
Outcrop and polished hand sample observations of lithologic and sedimentological
features augmented by petrographic analysis of 142 thin sections were used to determine the
lithofacies observed in the upper member of the Yucca Formation and basal Bluff Mesa
Formation exposed in the south thrust panel of the Indio Mountains. Data collected from 7
detailed measured stratigraphic sections are presented in Appendix.
Eleven lithofacies were defined from the upper member of the Yucca Formation (Kuy)
and the lowermost beds of the Bluff Mesa Formation (Kbm) based on color (fresh and
weathered), lithology, sedimentary structures, fossil types, and clast types (Tables 2.1, 2.2, and
2.3). These lithofacies were further categorized into four depositional environment facies
associations: 1) fluvial channel, 2) lacustrine littoral zone, 3) marginal marine, and 4) shallowmarine. Non-marine fluvial channel and lacustrine littoral facies further encompass their own
sub-facies, based on variations in clast types, grain size and sedimentary structures (see Tables
2.1 and 2.2 for summary).
With the exception of marginal marine and shallow marine facies associations, which are
only present near the base of the Bluff Mesa Formation, the entire stratigraphic section from the
base of the upper member of the Yucca Formation to the base of the Bluff Mesa Formation
contains 11 coarsening-upward depositional cycles consisting of alternations between the
lacustrine littoral facies associations and fluvial channel facies association (Figure 2.1;
Appendix). An ideal coarsening-upward depositional cycle (Figure 2.2) contains an upward
progression from burrowed fine-grained lacustrine sandstone containing localized lenses of
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thrombolite, to reddish massive fine-grained lacustrine sandstone including carbonate septarian
concretions and localized calcite radial fans, to lacustrine stromatolitic bindstone, to lacustrine
dolomudstone, and capped by fluvial channel conglomerate, conglomeratic sandstone and
sandstone commonly with a basal lag. The nature of the stratigraphic cyclicity and Waltherian
facies approach were utilized in part to aid in interpretation of the depositional environments of
the non-marine lithofacies.

15

Table 2.1: Brief description of the fluvial channel facies association recognized in the upper member of the Yucca Formation in the
study area

Fluvial Channel Facies Association

Lithofacies

Siliciclastic
channel (sandstone
+ conglomeratic
sandstone)

Field Color &
Weathering
Profile
Fresh and
weathered light tan, light
gray, light
yellow; ledge
former

Carbonate-clast
channel
(conglomerate)

Fresh and
weathered gray; ledge
former

Polymict-clast
channel
(conglomerate)

Fresh and
weathered light tan, light
brown, light
gray, gray;
ledge former

Clast/Grain Type

Bed Thickness

Sedimentary
Structure

1. Sandstone: medium-grained quartz
containing small amount of siltstone
pebbles (< 2%)
2. Conglomeratic sandstone: mediumgrained quartz and chert pebbles (< 10%)
3. Polymict conglomerate commonly less
than 15 cm at channel bases, subangular to
subrounded pebbles to cobbles of
carbonate septarian concretion and lime
mudstone
Almost totally composed of lime
mudstone pebbles with small amount of
dolomite pebbles and fine-grained detrital
quartz

Medium bedded to
massive; channel
dimensions (width: 4 350 m; relief: < 2 m)

Trough cross
bedding or
massive, very
local burrows,
well-sorted

Medium bedded;
channel dimensions
(width: < 5 m; relief: <
0.5 m)

Locally trough
cross bedding,
well sorted

Dissolution
channel (<
1%)

Lime mudstone pebbles and detrital quartz
dominate, sometimes also contains pebbles
or cobbles of stromatolite, carbonate
septarian concretions and petrified wood

Medium bedded to
massive; channel
dimensions (width: 4 350 m; relief: < 2 m)

Trough cross
bedding or
massive, no
internal sorting

Dissolution
channel (<
2%);
intragranular
(< 0.2%)

Bed thickness: Thin Bedded (<10cm), Medium Bedded (10 – 50 cm), Thick Bedded (50 – 100 cm), Massive (> 100 cm)
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Porosity
Percentage
and Types
No porosity

Table 2.2: Brief description of the lacustrine littoral facies association recognized in the upper member of the Yucca Formation in the
study area
Lithofacies

Field Color & Weathering
Profile
Sandstone: fresh and
weathered - light reddish,
light tan to dark brown;
Thrombolite: fresh and
weathered dark gray;
Ledge former

Clast/Grain Type

Bed Thickness

Sandstone: fine-grained
quartz;
Thrombolite

Sandstone: thin
to medium
bedded;
Thrombolite:
thin bedded

Thick to massive
fine-grained
sandstone containing
carbonate septarian
concretions

Sandstone: fresh and
weathered - light reddish:
Carbonate septarian
concretions: light grey to
greenish;
Friable and recessive

Massive fine-grained
sandstone containing
calcite radial fans

Sandstone: fresh and
weathered – light reddish;
Calcite radial fans: light
brown

Sandstone: fine-grained
quartz;
Carbonate septarian
concretion: 3 – 60 across,
silty lime mudstone or
lime mudstone for
concretionary body
Detrital quartz interlayered
with calcite radial fans.
Calcite crystals (width:
0.05 – 0.15 mm; length:
0.2 – 2 mm)

Stromatolitic
bindstone

Weathered – patchy rusty
and light gray; fresh – gray;
resistant rubbly ledge
former

Dolomudstone

Fresh and weathered: light
tan to light orange

Lacustrine Littoral Facies Association

Burrowed finegrained sandstone
containing
thrombolite lenses

Sedimentary
Structure
Sandstone:
burrows, low-angle
to parallel
lamination, ripple
cross lamination
Thrombolite lenses

Porosity Percentage
and Types
Dissolution channel (<
2%);

Sandstone:
thick bedded to
massive

Massive – highly
burrowed (?),
septarian
concretions

Dissolution channel in
carbonate septarian
concretions (< 2%);

Sandstone:
massive; A
radial fan
complex ranges
from 4 to 55 cm
across

Sandstone: thick
bedded to massive,
no internal grain
size variation or
sorting

Dissolution channel in
calcite radial fans (<
1.5%);

Filamentous fabrics,
peloids, detrital quartz
grains and local ostracods

Thin to medium
bedded

Stromatolitic
laminae, domes,
and fenestrae

Almost no porosity.
Very local dissolution
channels (< 0.3%)

Very few detrital quartz
grains

Medium bedded

Locally mottled

No porosity

Bed thickness: Thin Bedded (<10cm), Medium Bedded (10 – 50 cm), Thick Bedded (50 – 100 cm), Massive (> 100 cm)
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Table 2.3: Brief description of the marginal marine and normal-marine open shelf facies association from basal Bluff Mesa Formation
in the study area
Facies
Association

Lithology

Field Color &
Weathering
Profile

Clast/Grain Type

Bed Thickness

Sedimentary
Structure

Porosity
Percentage and
Types

Sandy oysterrich packstone

Light tan to light
gray

Detrital quartz grains, oyster
fragments, lime mudstone
granules and pebbles

Medium to thick
bedded

Massive, local trough
cross lamination and
basal erosive surface

Dissolution channel
(< 1.5%),
intragranular (<
0.2%)

Lime mudstone

Gray to light
greenish

Detrital quartz grains,
foraminifer, bivalves

Medium bedded

massive

No porosity

Fossiliferous
packstone

Fresh and
weathered -gray;
ledge former

Detrital quartz, petrified wood,
scleractinian coral, echinoderm,
oyster, foraminifer, gastropod

Thick bedded to
massive

Massive

Dissolution channel
(< 1%);

Marginal
Marine

NormalMarine
Open
Shelf

Bed thickness: Thin Bedded (<10cm), Medium Bedded (10 – 50 cm), Thick Bedded (50 – 100 cm), Massive (> 100 cm)
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Figure 2.1: Stratigraphic correlation diagram of depositional cyclicity and facies distribution between Echo and Squaw canyons, Indio
Mountains.
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Figure 2.2: Idealized depositional cycle of lithofacies in the upper member of the Yucca Formation.
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2.2 Fluvial Channel Facies Association
Collinson (1996) outlined key criteria to identify fluvial facies such as an absence of
marine fossils, relatively immature sediment textures and compositions, geobody geometry (e.g.
channel geometry), unidirectional paleocurrents in channel facies and evidence of subaerial
exposure (e.g. paleosol and desiccation mudcracks). None of these features alone could be used
as unambiguous criteria and all these features should be considered together in order to decide
specific fluvial architectural elements. Among all the fluvial architectural elements proposed by
Miall (1985), fluvial channels are relatively easy to recognize based on their erosional lower
bounding surface, external geobody geometry and internal sedimentary structures.
Clastic sediments within lenticular geobodies within the upper member of the Yucca
Formation commonly exhibit internal trough cross-bedding, lack marine fossils, and contain
terrestrial fossils such as petrified wood. Almost all of these geobodies contain distinctive
concave-up erosive bases in a cross-sectional view (Figure 2.3). In addition, these geobodies
commonly coalesce laterally and amalgamate stratigraphically (Figure 2.3B). These features
taken together are consistent with that of fluvial channels (Miall 1985; 2010). The geometry and
lateral extent of the fluvial channels are easier to observe and trace within the Squaw Canyon
area compared to those within the Echo Canyon area. Channel facies are difficult to trace
laterally within Echo Canyon due to numerous offsets on small-scale faults. The thickness
(depth) of individual channels is consistent across the study area where the relief is commonly
less than 2 m (Figure 2.3A). However, amalgamated and stacked channel complexes are locally
up to 52 m thick (Figure 2.3B). The width of individual channels varies significantly ranging
from 3m to more than several 100’s m across. Therefore, wider channels form relatively
continuous ledges in outcrop and were utilized as marker beds to correlate between the two
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canyons (Figures 2.3 and 2.4). The fresh surface of channels ranges in color from light gray to
light tan, but the weathered surface exhibits light reddish, light orange or light brown coloring
and is readily recognizable on outcrop (Figure 2.3). Channel bodies are commonly amalgamated
in both the horizontal and vertical direction with other channels or sandstone sheets (Figure
2.3B). Several channels also exhibit evidence of lateral accretion, which is a typical feature of
point bars within meandering channels (Miall, 2010; Figure 2.3A).
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Figure 2.3: Outcrop photograph of fluvial channels in the upper member of Yucca Formation near Squaw Canyon.
(A) A single channel showing lateral accretion (indicated by yellowish curved lines) and lenticular geometry with a lower bounding
concave-downward erosive surface; (B) Isolated fluvial channels (yellowish lenticular geobodies) appear to coalescence laterally and
amalgamate vertically.
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Figure 2.4: Outcrop photograph of laterally continuous nature of coalescing fluvial channels in the Kuy near Squaw Canyon.
(A) Non-interpreted panoramic view near Squaw Canyon; (B) Interpreted fluvial channels (yellow highlighted) and the normal-marine
fossiliferous limestone (the base of the Bluff Mesa Formation, light blue line) that extend towards Echo Canyon to the southeast.
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2.2.1 Fluvial Channel Lithofacies Types
The fluvial channels form the uppermost lithofacies within the idealized lithofacies cycle
(Figure 2.2). They are subdivided into three end-member groups based on dominant clast
lithology: 1) siliciclastic channel, 2) carbonate-clast channel, and 3) polymict-clast channel.
Attributes of the three channel types are summarized in Table 2.1.
Siliciclastic Channels
Siliciclastic channels are the most common of the three types. Channel widths range from
4 m to approximately 350 m. The width/depth ratio of channels varies from 2:1 for a single
channel to approximately 170:1 for laterally amalgamated channels. Internally the channels have
a basal lag composed of either several cms conglomeratic sandstone (Figure 2.4A) or polymict
conglomerate. The basal lag comprises pebbles including light gray septarian carbonate
concretions of variable size (commonly 2 - 6 cm across, locally up to 17 cm), light gray to light
brown subrounded to subangular lime mudstone clasts and rare brown petrified wood fragments
within a light gray, brown or light tan medium-grained sandy matrix. The long axis of clasts does
not display a preferred orientation. Within the channel, the basal lag is overlain abruptly by low
to medium-angle (10 – 40 degree) trough cross-bedded, medium-grained sandstone (Figure 2.5B
and C) locally containing white, pink, and black subrounded chert pebbles (Figure 2.5A and C).
All the clasts and grains are cemented by calcite. Abrupt local variation in grain size from
medium-grained to pebble-size grains is also present in some cases. This size variability made it
difficult to trace the lithology laterally (Figure 2.5C). Even though a basal channel lag is
common in the siliciclastic channel, there are cases where the erosional relief on the channel base
is low and relatively smooth (Figure 2.5D).
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Figure 2.5: Outcrop photograph of siliciclastic-clast channel.
(A) Basal fluvial channel lag characterized by irregular erosive surface (dashed line) and
overlying chert pebbles; (B) Laterally continuous fluvial channel facies with trough cross
bedding; (C) Grain size variation (dashed line) from medium-grained to pebble-sized within a
fluvial channel; (D) Relief on the channel is relatively low.
Sandstones within the siliciclastic channels consist primarily of medium-grained (0.25 –
0.4 mm) detrital quartz and chert grains cemented by micro-crystalline to blocky calcite (Figure
2.6A and B). In addition, a small amount of siltstone pebbles (< 3%) and pyrite (< 2%) are also
present (Figure 2.6A). All of the grains and clasts together contribute to a clast-supported
texture. Grains exhibit a subrounded to subangular textures, but subrounded textures dominate
(Figure 2.6A and C).
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Some of the detrital quartz grains exhibit micro-crystalline dolomite rim cements (Figure.
2.6D), and are distinct from others. The dolomite crystal terminations have been truncated
suggesting at least some of the quartz grains were cemented by dolomite and then recycled into
the present sand body. The lack of feldspar and clay, well-sorted grain texture, and dominant
subrounded silicate minerals, suggest relatively high textural maturity of the sandstones.

Figure 2.6: Photomicrographs of quartz sandstone in siliciclastic-clast channel lithofacies.
(A) Grain-supported texture, stained, plane light, scale bar = 200 μm; (B) Grains includes
dominant quartz and cherts and a small amount of carbonate lithic grains, stained, cross polarized
light, scale bar = 200 μm; (C) Concavo-convex contacts (arrows) between grains, stained, plane
light, scale bar = 200 μm; (D) Recycled quartz grains are rimmed by microcrystalline dolomite
(green arrows) and note the poikilotopic cement (blue arrows), stained, cross polarized light,
scale bar = 200 μm.
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The boundary between grains locally exhibits concavo-convex contacts suggesting
mechanical compaction prior to calcite cementation (Figure 2.6C). Poikilotopic calcite cement (1
mm across) encompassing several detrital quartz and chert grains also suggests sediments were
rapidly buried with little or no cement precipitated, compacted, late stage calcite cements
precipitated in relatively deep burial environment (Figure 2.6D). No porosity was identified in
the sandstones and all pores were occluded by late stage calcite cements.
Carbonate-Clast Channels
Carbonate-clast channels are much less common than siliciclastic channels in the field
area. The clast-supported conglomeratic channel fill is primarily composed of light gray, dark
gray and dark purple (weathered), subrounded pebbles of lime mudstone with a small amount (<
5%) of yellowish or orange dolomite clasts (Figure 2.7A and B). The lime mudstone clasts are
concentrated in isolated lenticular (Figure 2.7A) as well as more tabular lenses (Figure 2.7C; See
Table 2.1). The entire geobody boundary forms a sharp contact with the surrounding reddish
sandstone (Figure 2.7A). Channel width is typically < 5 m and the average thickness of channels
is < 0.5 m. Moderate-angle (20 - 40 degrees) trough cross-bedding and soft-sediment
deformation structures are present within the channels, implying rapid lateral accretion (Figure
2.7D and E).
Clasts are primarily composed of subrounded granules and pebbles of lime-mudstone (>
85% of clasts; Figure 2.8A and B). Stylolitic contacts between lime-mudstone clasts suggests
pressure solution during compaction and lack of early cementation (Figure 2.8A and B). In
addition, small amounts of subrounded detrital quartz and septarian carbonate concretions (~5%)
are present (Figure 2.8C and D).
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Figure 2.7: Outcrop photograph of carbonate-clast channel.
(A) Carbonate clast channels form channelized lenses within reddish burrowed, ripple cross
laminated fine-grained sandstone. Note the boundary between the channel body and surrounding
reddish sandstone is very sharp; (B) Normal graded lime mudstone clast-supported texture; (C)
A tabular carbonate clast channel are also present; (D) Trough cross bedding (blue curved lines)
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developed within a carbonate clast channel; (E) Detail of the channel from (A) showing the
irregular erosive basal surface (blue arrows) and internal slump structures (red arrow);

Figure 2.8: Photomicrographs of lime-mudstone conglomerate within carbonate-clast channel
facies.
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(A) Clasts are composed of lime-mudstone, note the concavo-convex contact between clasts
(arrow), stained, plane light, scale bar = 1 mm; (B) calcite (blue arrow), and replacive dolomite
(green arrow) and micro-crystalline quartz (yellow arrow) cement, stained, cross polarized light,
scale bar = 1 mm; (C) Clasts are comprised of lime-mudstone and detrital quartz, note
dissolution generated the secondary porosity (arrow), stained, plane light, scale bar = 1 mm; (D)
Septarian carbonate concretion fragment is also found, stained, plane light, scale bar = 1 mm; (E)
Replacive microcrystalline dolomite and quartz with small amount of floating calcite remnant
mainly consist of the cements, stained, cross polarized light, scale bar = 0.5 mm; (F) Detrital
quartz and lime-mudstone clasts are rimmed by microcrystalline dolomite (arrow), which is
similar to Figure 2.9D, stained, cross polarized light, scale bar = 0.2 mm.

Compared to the siliciclastic channels, the diagenesis of carbonate-clast channels are
more complex. Locally dolomite rimming cements surround detrital quartz grains (Figure 2.8E
and F), but micro-crystalline calcite is still the dominant type of cement. Micro-crystalline
dolomite locally replaced calcite cement (Figure 2.8B and E). Besides dolomitization, relatively
late silicification of cements is another important diagenetic feature identified. After calcite
cements were replaced by dolomite, micro-crystalline quartz further replaced the dolomite
(Figure 2.8B). Based on cross-cutting relationship with grains and cements, dissolution channels,
normally less than 0.1 mm wide, finally generated the secondary porosity (<1%; Figure 2.8C).
Polymict-Clast Channels
Polymict-clast channels are more common than carbonate-clast channels, but less
common than siliciclastic channels. Channel geometry and size are very similar to the
siliciclastic channels and sometimes the two lithologies are interlayered within stacked channel
bodies (Figure 2.9). The polymict-clast channels contain a wider variety of clast lithologies than
both the siliciclastic and carbonate-clast channels. Aside from fine- to medium-grained quartz,
clasts of septarian carbonate concretions, lime mudstone, petrified wood (Figure 2.10A),
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stromatolite (Figure 2.10B), laminated sandstone (Figure 2.10C), and plant root fragments
(Figure 2.10D) are also present.

Figure 2.9: Outcrop photograph of basal lag consisting polymict clasts within fluvial channel.
(A) Fluvial channel clast types include carbonate septarian concretion, lime-mudstone and chert
pebbles; (B) Siliciclastic-dominated deposits interlayer with polymict deposits within a channel
body.
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Figure 2.10: Photograph of clast types within polymict-clast channel facies.
(A) Petrified wood; (B) Stromatolite clast and lime-mudstone within a polished slab; (C)
Laminated sandstone pebble; (4) Plant root fragments.
Different from siliciclastic channels, which are almost exclusively composed of
subrounded to subangular, granular to pebble-sized detrital quartz and chert grains, the polymictclast channels include a wide variety of clasts. Subangular to subrounded clasts include mediumgrained detrital quartz sandstone whose features are similar to that in the siliciclastic channels,
granules and pebbles of lime-mudstone (Figure 2.11A and B), siltstone (Figure 2.11A), pebbles
of septarian carbonate concretions (Figure 2.11C), stromatolite (Figure 2.11D) and plant root
(Figure 2.11E).
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The lithofacies also has a class-supported texture and some of the clast contacts display
concavo-convex relationship as a result of compaction of non-cemented clasts (Figure 2.11B).
Some of the detrital quartz and chert are also rimmed by micro-crystalline dolomite (Figure
2.11B) and the cements filling pore system are composed of micro-crystalline to blocky calcite.
(Figure 2.11B and F).
A distinctive feature of this lithofacies is the development of secondary porosity within
dissolution channels generated in the burial environment. The proportion of secondary porosity
is very low, normally less than 2%. Dissolution channels both cross-cut grains and calcite
cements, revealing they did not happen in a preferred orientation and zonation (Figure 2.11A and
F). In addition, intragranular porosity (< 0.2%) in lithic clasts is also locally present (Figure
2.11F).
Overall, the fluvial reservoir quality of these three types of channel-fill is negatively
affected by different types of cementation blocking the pore systems. Even though dissolution
generated secondary porosity in carbonate and polymict-clast channels, its percentage
(commonly < 2%) is very low. Combining their poor cross-cutting network, all the fluvial facies
from the south thrust panel of the Indio Mountains are not considered good reservoir facies.
Moreover, one distinguishing character for all fluvial channels is that there are very few fossil
fragments. Fossil types only include clasts of stromatolite and plant roots, which show a
pronounced contrast to the high faunal diversity of the Bluff Mesa Formation.
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Figure 2.11: Photomicrographs of pebbles within polymict-clast channel.
(A) Clasts are composed of lime-mudstone, siltstone, silty lime mudstone in a quartz sandstone
matrix. Note dissolution created the secondary porosity (blue arrow), stained, plane light, scale
bar=1 mm; (B) Detrital quartz rimmed by micro-crystalline dolomite (arrows), similar to Figures
2.8D and 2.9F, stained, cross polarized light, scale bar=1 mm; (C) A clast of carbonate septarian
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concretion with internal septarian cracks (arrow) filled by calcite, stained, plane light, scale bar =
1 mm; (D) A clast of stromatolite with fenestrae, unstained, plane light, scale bar = 1mm; (E)
Plant root fragment clast, unstained, plane light, scale bar = 0.2 mm; (F) Porosity types include
intragranular porosity (arrow) and secondary porosity (dissolution), stained, plane light, scale bar
= 1 mm
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2.3 Lacustrine Littoral Facies Association
The lacustrine littoral facies association encompasses five subfacies that contain both
siliciclastic- and carbonate-dominated lithofacies. The subfacies are: 1) Burrowed fine-grained
sandstone containing thrombolite lenses, 2) Thick to massive fine-grained sandstone containing
carbonate septarian concretions, 3) Fine-grained sandstone containing calcite radial fans, 4)
Stromatolitic bindstone, and 5) Dolomudstone. Attributes of the subfacies are summarized in
Table 2.2.
2.3.1 Burrowed Fine-grained Sandstone Containing Thrombolite Lenses
The burrowed fine-grained sandstone forms tabular, laterally continuous exposures
except within the highly faulted areas in Echo Canyon. It is the basal facies in the idealized
depositional facies cycle (Figure 2.2). The facies is distinctive from sandstones in the fluvial
channel facies based on bed thickness, color, average grain size, and presence of bioturbation.
The sandstone forms thin (<10 cm) to medium bedded (10 – 50 cm), light brown, light gray and
light tan, laterally continuous, tabular ledges (Figure 2.12A and B) that are composed of finegrained, well-sorted, subangular to subrounded, grains of quartz and subordinate chert. The bed
tops sometimes display a fractured texture. The fractures have two orientations that cross-cut
each other perpendicularly (Figure 2.12C). This unusual fabric is different from the irregular
morphological pattern of polygonal mud cracks induced by subaerial exposure (Esteban and
Klappa, 1983).
Sedimentary structures in burrowed fine-grained sandstone include burrows (Figure
2.12D), low-angle to parallel laminations and ripple cross laminations cut by moderate to high
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levels of bioturbation (Figure 2.12E and F). The beds do not display internal variation of grain
size stratigraphically upward.

Figure 2.12: Outcrop photograph of lacustrine burrowed fined-grained sandstone.
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(A) Medium bedded light greenish to light purple fine-grained sandstone; (B) Oblique view of
densely burrowed (arrows) bed; (C) Rectilinear pervasive on bed tops; (D) Plan view of densely
burrowed bed; (E) low-angle laminations could be identified even though a lot of burrows
(arrows) develop; (F) Ripple cross lamination.

This lithofacies is largely composed of fine-grained detrital quartz and minor chert grains
(Figure 2.13A and B) that are cemented primarily by micro-crystalline calcite and dolomite
(Figure 2.13B). Concavo-convex contacts at grain boundaries indicate that cementation was late
and that porosity was decreased by early compaction (Figure 2.13B). Rare porosity (< 2%) is
associated with narrow (0.1 mm) dissolution channels (Figure 2.13C)
Burrows, which are characterized by single-tubes without bifurcation, do not have a
preferred orientation or concentration within the outcrop. Their length is usually less than 5
centimeters and locally up to 7 centimeters. The width of their internally smooth wall is less than
one centimeter and in sharp contact with the surrounding rock. The color and grain size of
internal sediments within burrows show slight differences from the surrounding host rock
(Figure 2.12E). Burrows are a yellowish color compared to the reddish, weathering fine-grained
host rock (Figure 2.12B). The yellowish color is from iron oxide staining possibly associated
with the organic material (Figure 2.13D). The interior of the burrows are locally filled by dark,
dense micritic material (peloids?), which grade into coarse-crystalline sparry calcite towards the
center of a burrow (Figure 2.13E).
Horizontal to low-angle (< 2 degree) ripple cross laminations are visible from both
outcrop and thin sections. The laminations consist of interlayered very thin (~ 0.1 mm) microcrystalline calcite and thicker (0.1 - 1 mm) fine-grained detrital quartz (Figure 2.13F).
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Figure 2.13: Photomicrographs of lacustrine burrowed fined-grained sandstone.
(A) Fine-grained-supported texture and grains are primarily consisted of detrital quartz, stained,
cross polarized light, scale bar = 0.5 mm; (B) Amplification of (A), note the cements mainly
consist of micro-crystalline calcite (blue arrow) and replacive dolomite (green arrow), stained,
cross polarized, scale bar = 0.2 mm; (C) Dissolution generates the secondary porosity, unstained,
plane light, scale bar = 1mm; (D) Very low-angle lamination, unstained, plane light, scale bar =
1 mm; (E) Burrows almost parallel to low-angle lamination. Note the burrows are distinctive
from surrounding rock due to the preservation of Fe oxides, stained, plane light, scale bar = 1
mm; (F) A burrow filled by dense dark sediments (peloids ?) and sparrry calcite. Note the
slightly convex geometry of the overlying laminations (arrow), stained, plane light, scale bar = 1
mm.
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A thrombolite within the burrowed fine-grained sandstone was documented in one
location within the Squaw Canyon Section 2 of the study area (Figure 2.1). The thrombolite
forms a highly weathered lens approximately 6 m in length and 0.8 m in thickness. It forms a
wavy bed with a very rugged upper surface (Figure 2.14A to C). Petrographically the thrombolite
is formed of multiple generations of branch-like structures of microbialite (Figure 2.14D to F)
characterized by irregular equidimensional clots that can elongate into branches from side view
(c.f. Riding, 2011).
Each generation of thrombolite is separated by an approximately 0.2 mm-thick dark
dense micritic laminae. The dark dense branch-like structure used the micritic laminae as a
substrate and further grew upward (Figure 2.14E and F). Cavities between microbial frameworks
are filled with micro-crystalline calcite cements. In some cases, the top of a generation of
branch-like structures is capped by a very thin (< 1mm) layer of silty sediments and a new
generation started to grow on top of the silty layer (Figure 2.14D). Recrystallization (Figure
2.14D and E) and dissolution (Figure 2.14F) are the most distinctive diagenetic features that
overprint the thrombolite texture.
Depositional Environment Interpretation
As the base of a new depositional cycle, burrowed fine-grained sandstone containing
local thrombolite lenses unconformably overlies fluvial channel deposits from a previous cycle
and the sandstone is overlain by massive fine-grained sandstone containing carbonate septarian
concretions with immature paleosol development (Figure 2.2).
Commonly, overbank deposits are formed near fluvial channels, if there is no abrupt nonWaltherian facies variation forming a sequence boundary or transgression surface. Overbank
deposits are associated with all types of channels, and can be divided into proximal areas where
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Figure 2.14: Outcrop photograph and photomicrographs of thrombolite lense.
(A) Thrombolite commonly crops out as fragments in the field; (B) Thrombolite occur in a
lenticular geometry. The dash line represents its laterally terminal geometry; (C) Side view of
thrombolite that does not display pronounced digitate or laminated structure. Note the wavy
macrostructure of thrombolite; (D) Micrograph of thrombolite. Note the dark microscopic
digitate structure and different generations of thrombolite are separated by silty sediments,
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stained, plane light, scale bar = 1 mm; (E) Multiple generations of digitate structures, unstained
in the left and stained in the right, plane light, scale bar = 1 mm; (F) Dissolution does not
generate secondary porosity and destruct the thrombolitic fabrics, unstained, plane light, scale
bar = 0.5 mm.
levees and crevasse splays develop and distal areas where floodplains develop that are
periodically subaerially exposed. In channel proximal areas, levees may form in association with
laterally connecting splay lobes (Coleman, 1969; Jordan and Pryor, 1992). Levee facies are
characterized by fine-grained sands and silts with ripple cross lamination and small scale cross
bedding (Singh, 1972). However, bioturbation commonly completely destroys laminations.
Levees typically show distinct variations in grain size associated with fluvial channels (Singh,
1972). In areas away from the river are the floodplain periodically dries out and subaerial
exposure surfaces might develop (e.g. paleosol).The lack of subaerial exposure surfaces, degree
of bioturbation and presence of the local thrombolite lenses suggest this facies was deposited in a
shallow lake versus as distal overbank deposits.
Thrombolite is a type of microbialite that commonly develops in shallow marine and
lacustrine environments at the sediment-water interface, in oxygenated environments within the
photic zone where photosynthesis occurs (Riding, 2000). Regional transgression onto the eastern
margin of the Chihuahua Trough did not occur before deposition of the Bluff Mesa Formation
(Underwood, 1962). In addition, no convincing evidence of subaerial exposure was recognized
in the thrombolite. Thus it is more reasonable that the thrombolite and its hosting rock (finegrained burrowed sandstone) in the upper member of Yucca Formation was deposited in a
shallow lacustrine environment. Abundant burrows and ripple cross lamination possibly suggests
the sandstone was formed in an oxygenated environment near lake baselevel. In the depositional
cycle (Figure 2.2), thrombolite is overlain by stromatolite where evidence for subaerial exposure
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was identified (see Chapter 2.3.4). This suggests that the thrombolite grew in a relatively deeper
littoral environment relative to the stromatolite according to the lacustrine zonation classification
of Gierlowski-Kordesch (2010).
2.3.2 Thick to Massive Fine-grained Sandstone Containing Carbonate Septarian
Concretions
This facies is laterally continuous and forms marker beds of reddish to light brown, thick
(0.5 – 1 m) to massive (> 1 m), fine-grained sandstone containing unique carbonate septarian
concretions (Figure 2.15A). Both fresh and weathered surfaces of the sandstone are commonly
characterized by friable, reddish to light brown sandstone that is less resistant to weathering. The
thickness of individual sandstone units ranges from 3 to 11 m and commonly lacks internal
bedding (Figure 2.15B). Though rare visible fossils or burrows were recognized, the massive
featureless fabric of this unit may have been caused by extensive bioturbation. From the analysis
of over forty concretions collected from this facies, only a bivalve fragment has been identified
from a thin section. In the poorly exposed areas, concretions are weathered out from their hosting
reddish fine-grained sediments and therefore rest on the surface as float (Figure 2.15B). The
former hosting reddish fine-grained sediments could still be recognized according to its reddish
background color, but their upper and lower bedding surfaces were determined by the distinctive
color change at the contact with the overlying and underlying strata and the disappearance of the
unique carbonate septarian concretions (Figure 2.15B).
The fine-grained sandstone is primarily supported by detrital quartz grains and cemented
by fine-grained calcite (Figure 2.16A and B). Small amount of pyrite (< 2%) are also present
(Figure 2.16A). Fractures (< 3%) were filled by coarsely crystalline calcite cements (Figure
2.16A and B).
45

Figure 2.15: Outcrop photograph of massive fine-grained sandstone containing carbonate
septarian concretions.
46

(A) Abundant irregular light tan to yellowish carbonate septarian concretions (arrows) sit in
reddish massive fine-grained sandstone; (B) Poorly exposed recessive weathering profile of this
facies in the field. Note concretions (green arrows) weather out from the reddish fine-grained
sandstone. Also note the upper boundary (dashed line) is determined by color variation; (C)
Isolated concretions (arrows) sit in reddish sandstone; (D) Isolated concretions (arrows) coalesce
vertically or obliquely to form a columnar or sheet-like compounded concretions; (E) Abundant
small concretions coalesce laterally and form a more continuous concretionary sheet; (F) Isolated
concretions combined together to form a compound spherical concretions.

Figure 2.16: Photomicrographs of lacustrine massive fine-grained sandstone
(A) Grain-supported texture. Note the fractures are filled by coarsely crystalline calcite. Stained,
plane light, scale bar = 0.2 mm; (B) As same as (A) under cross polarized light, scale bar = 0.2
mm
Carbonate Septarian Concretions
The term “septarian” has been ambiguously used to refer to the style of the internal
fracture set within a concretion and to the concretion bearing it or to both among different
geologists (Richardson, 1919; Selles-Martinez, 1996). The term “carbonate septarian concretion”
is used here to refer to both the carbonate concretionary body and its internal septarian-style
cracks that are partially or wholly filled by cements.
The geometry and size of carbonate septarian concretions in the study area vary
significantly. Concretions range from small (3 cm across), light gray, light brown to light
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greenish spherical and oval bodies (Figure 2.15C) to irregular columnar bodies over 60 cm tall
(Figure 2.15D). It is also common that small concretions coalesce during growth and were
cemented together into concretionary sheets (Figure 2.15E) or compound irregular bodies
(Figure 2.15F) that are orientated horizontally, vertically or obliquely relative to the bedding.
Regardless of their variable geometry and orientation, concretions are distributed randomly in
the reddish massive fine-grained sandstone beds.
The matrix lithology of carbonate concretionary bodies consists of lime mudstone and
silty lime mudstone. The internal septarian cracks of carbonate septarian concretions commonly
taper outward but do not typically extend to the margin of concretions. In rare instances the
septarian cracks extend to the concretionary margin and thus were able to exchange void fluids
from outside the concretions. Most of the septarian cracks are filled by microcrystalline calcite
(e.g. Figure 2.17). However, dolomite and silicate minerals including opal and quartz are also
present, but less common.
One or two generations of calcite-filled veins cross-cut septarian cracks (Figure 2.17B
and D), indicating the veins formed after the septarian cracks. Veins were distinguished from
septarian cracks based on three criteria: 1) the geometry of septarian cracks are lenticular or
irregular shapes whose terminations taper outward from a central zone towards the margins of a
nodule and widen and coalesce inward; whereas the veins have a randomly oriented tube-like
geometry; 2) angular clasts of lime mudstone or silty lime mudstone are commonly bounded by
the network of septarian cracks rather than dissolution veins which cut across the silty lime
mudstone or lime mudstone; 3) the width of dissolution vein is usually less than 0.05 mm versus
septarian cracks of variable width ranging from 0.2 mm to 0.7 cm.
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Figure 2.17: Photomicrographs of carbonate septarian concretions with different width of
septarian cracks.
(A) Parallel immature septarian cracks, stained; (B) Two generations of dissolution vein (blue
arrows) cross-cut immature septarian cracks, stained; (C) Isolated septarian cracks connected
with each other, but their width is still narrow, stained; (D) Septarian cracks became wider,
stained; (E) Septarian cracks get wider than (D) and several large angular clasts (green arrow)
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began to be bounded by cracks, stained; (F) Abundant angular clasts were cemented by septarian
cracks, unstained. All scale bars = 1 mm; plane light.
Variation in the width of septarian cracks can be used to reconstruct the process of how
septarian cracks initiated and further break (Figure 2.17). At the initial stage, septarian cracks are
characterized by relatively thin isolated cracks (Figure 2.17A and B). As these cracks become
wider, they connect with each other and form a more interconnected network (Figure 2.17C and
D). As the cracks coalesce and continue to widen, they separate & isolate bodies of the silty lime
mudstone forming “pseudoclasts” that are separated by septarian cracks (Figure 2.17E and F).
Calcite cement that fills the septarian cracks has two different fabrics: 1) coarsely-crystalline
calcite that coarsens inward or 2) coarsely-crystalline calcite rimming crack margins and microcrystalline calcite filling the remaining interior of cracks (Figure 2.18A and B).
Even though the carbonate septarian concretions crop out in diverse geometries and
colors, their diagenetic features and paragenetic sequence are consistently the same. The
paragenetic sequence is: 1) The septarian cracks began to form and coalesce inward to define the
concretion area and geometry, 2) calcite cement filled in septarian cracks that separate angular
“pseudoclasts” of silty lime mudstone or lime mudstone matrix, 3) Non-fabric selective
dolomitization locally replaced the lime mudstone matrix (Figures 2.17E) and locally the calcite
cement in within septarian cracks (Figure 2.18C and D). Silicate minerals including opal and
quartz replaced the dolomite (Figure 2.18D). Opal is less commonly present, possibly because it
recrystallized into a more stable mineral, such as quartz. Septarian fracture porosity was
primarily occluded by calcite, dolomite, micro-crystalline quartz and opal, however, a small
amount (< 2%) of secondary porosity formed by subsequent non-fabric selective dissolution of
concretionary bodies (Figure 2.18E) and calcite cement in septarian cracks (Figure 2.18F).
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Figure 2.18: Photomicrographs of diagenetic features in carbonate septarian concretions.
(A) Micro-crystalline calcite filled in septarian cracks, stained, cross-polarized light, scale bar =
1 mm; (B) Amplified area within the rectangle in (A). Note the micro-crystalline calcite has been
replaced by dolomite that also further replaced by micro-crystalline quartz; (C) Replacement of
dolomite and silicon minerals along septarian cracks filled by calcite, stained, plane light, scale
bar = 0.5 mm; (D) Amplified area within the rectangle in (C). Note calcite was replaced by
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micro-crystalline dolomite. Dolomite was replaced by opal that partially recrystallized into
microcrystalline quartz now, stained, cross-polarized light, scale bar = 0.2 mm; (E) An intact
bivalve shell preserved within a carbonate septarian concretions. Note dissolution generates
secondary porosity, stained, plane light, scale bar = 1 mm; (F) Dissolution along septarian cracks
generates secondary porosity, stained, plane light, scale bar = 1 mm.
Three samples of carbonate septarian concretions that were collected either from the
strata near the crest of a Tertiary igneous dyke in Squaw Canyon or from the strata nearby the
syndepositional faults (Fault 6 and Fault 7 in Figure 2.1) in Echo Canyon, are unique from the
others, because they contain micro-crystalline to coarsely crystalline saddle dolomite that
replaced calcite cement within the septarian cracks (Figure 2.19). Saddle dolomite that replaced
calcite, preferentially precipitated along the septarian cracks, suggesting there was fluid
exchange between the concretionary interior and hydrothermal fluid outside of the concretionary
body. Even though the crystal size of saddle dolomite is smaller than calcite, secondary porosity
was not generated in the region where saddle dolomite formed (Figure 2.19B, D and F). Instead,
a small amount of intercrystalline porosity (< 2) between coarse-crystalline calcite crystals in
septarian cracks is present (Figure 2.19B).
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Figure 2.19: Polished slabs and photomicrographs of carbonate septarian concretions containing
saddle dolomite.
(A) A carbonate septarian concretion collected at the strata over the crest of a Tertiary igneous
dike in Squaw Canyon; (B) Micrograph of (A), note the existence of saddle dolomite, stained,
plane light, scale bar = 0.2 mm; (C) A carbonate septarian concretion collected from Echo
Canyon Section 1 near the main syndepositional fault – Fault 7 in Echo Canyon, note the slightly
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white saddle dolomite versus transparent calcite in septarian cracks from the hand sample; (D)
Micrograph of (C), stained, cross-polarized light, scale bar = 1 mm; (E) Another carbonate
septarian concretion also collected from Echo Canyon Section 1 near Fault 7 in Echo Canyon;
(F) Micro-crystalline saddle dolomite in septarian cracks shows abrupt with silty lime mudstone,
stained, cross-polarized light, scale bar = 1 mm.
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Depositional Environment Interpretation
This study does not try to provide unequivocal criteria to determine the growth models
and formation depth of all carbonate septarian concretions, but it attempts to understand the
diagenetic features within the context of the host rock depositional facies. Furthermore, it tries to
add more information about characteristics of septarian concretions within nonmarine rift
settings, because descriptions and interpretations of these features are from marine rocks.
Dietrich (1997) compiled more than 700 references on mostly marine septarian concretions,
whereas there are very few descriptions of lacustrine septarian concretions (Smith, 1990; Aso et
al., 1992; Briggs et al., 1998).
Raiswell and Fisher (2000) outline the observations of septarian concretions that implies
concretionary formation started close to the sediment-water interface is the presence of softbodied fossils and disruption of concretionary cements by soft-sediment burrowers. So far only a
bivalve shell has been recognized in one concretionary interior, but this does not provide an
unambiguous answer to its relative formation depth even though it is preserved well. However,
one collected sample clearly shows how porosity varies from the center outwards to the margin
with the help of dolomitization (Figure 2.20). The concretion is composed of silty lime mudstone
with a very small volume of intergranular porosity, thus it is hard for fluid outside of the system
to replace the lime mud. However, the degree of dolomitization decreases inwards (Figure 2.20),
which confirms the porosity increases outward and indicates the concretion was formed in a
shallow burial environment rather than deep burial environment, otherwise, the porosity
percentage at the interior and the margin should be very similar and the variation of
dolomitization should not display a distinct trend (Figures 2.20 and 2.21).
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Figure 2.20: Photomicrographs of a carbonate septarian concretion showing variation trend of dolomitization.
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(A) Polished slab of a carbonate septarian concretion; (B) The amount of micro-crystalline dolomite visibly decreases from the margin
towards the center; (C) Microscopic detail of the greenish margin from the polished slab in (A). Note the margin is characterized by
relatively more intergranular porosity and detrital quartz, stained, plane light, scale bar = 0.2 mm; (D) As same as (C) under crosspolarized light.

Figure 2.21: Process of the dolomitization within the carbonate septarian concretion in Figure 2.20
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Marshall and Pirrie (2013) concluded that the type of minerals preserved within
concretions may reflect the relative formation depth range below the sediment-water interface,
which is associated with how organic materials are decomposed by microbes at different depths
(e.g. Coleman, 1985). An ideal temporal sequence of minerals exists in a depth range commonly
less than 10 m below the sediment-water interface (Coleman, 1985). Near the sediment-water
interface, oxic surface waters penetrate the pore system within sediments and non-ferroan calcite.
The next deeper burial zone is associated with manganese and iron reduction during which
rhodochrosite and siderite precipitate. During burial, non-ferroan calcite and pyrite would form
because of sulphate reduction. Lastly, the formation of ferroan dolomite is triggered due to
methanogenesis. The minerals formed during different geochemical processes do not overlap in
time with each other and precipitate out separately in a diagenetic sequence. Within all the
concretion samples collected from the Indio Mountains, no siderite has been identified from
either the concretionary bodies or their internal septarian cracks, implying the formation and
burial depth of those concretions are relatively shallow.
Stratigraphic arguments also support a shallow depth of concretion formation. The
reddish fine-grained sandstone containing carbonate septarian concretions is sometimes overlain
by fluvial channels, which contain carbonate septarian concretion clasts in the basal lags of
channels. The erosive relief of the fluvial channels is usually less than 2 meters, suggesting the
concretions formed at shallow depths and were subsequently eroded and incorporated into the
overlying fluvial channels.
Moreover, from the ideal depositional cycle (Figure 2.2), massive fine-grained sandstone
containing carbonate septarian concretions overlies the burrowed fine-grained sandstone
containing localized thrombolite lenses and is overlain by the lacustrine stromatolite facies,
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which contains evidence of subaerial exposure. This stratigraphic relationship suggests that the
massive fine-grained sandstone containing concretions was deposited in a shallow lacustrine
environment that was relatively shallower than the thrombolite facies, but deeper than the
stromatolite facies.
2.3.3 Massive Fine-grained Sandstone Containing Calcite Radial Fans
The massive fine-grained sandstone containing calcite radial fans lithofacies only crops
out in one location where Fault 7 and Fault 8 converge at Echo Canyon (Figures 1.5 and 2.1). At
this location isolated calcite radial fans are present within reddish massive fine-grained
sandstone. This facies has a very confined lateral distribution. The southeast end is terminated
against Fault 7 and extends approximately 30 m to the northwest of Fault 6, but it was offset on
Fault 6. Within this area, the number of carbonate septarian concretions decreases upward
whereas carbonate radial fans show the opposite trend.
The calcite radial fans are more resistant to weathering than the reddish massive finegrained sandstone surrounding them, so they protrude out of the outcrop, forming light brown
isolated spherical or elliptical geobodies (Figure 2.22). They do not display a visible variation in
their size stratigraphically upward or laterally. The size of a fan varies from approximately 4 cm
up to 55 cm in diameter (Figures 2.22 and 2.23) and each one is composed of multiple
generations of calcite crystals that range in length from 0.2 to 2 mm and in width from 0.05 to
0.15 mm. They stack and radiate outwards in three dimensions (Figure 2.23). The thickness of
each generation varies from approximately 0.7 cm to 1 cm. Multiple generations commonly
combine together to form a thicker (3 – 7 cm) composite fan (Figure 2.23). Some of the fans
progressively grew outward from a central nucleus (Figure 2.22C), while others began to grow
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Figure 2.22: Outcrop photograph of carbonate (calcite) radial fans.
(A) Calcite radial fans (arrows) occur in variable size within reddish fine-grained sandy
sediments; (B) Reddish fine-grained sandstone containing calcite radial fans (arrows) is overlain
by light yellowish fluvial sandstone. Note the boundary between them is not very sharp due to
weathering; (C) Multiple layers of calcite crystals together form spherical geometry. Note there
is no central nuclei as substrate for those crystals to grow; (D) Calcite crystals grow on the
carbonate septarian concretion. Note the light gray crystals (blue arrows) interlayering with light
reddish fine-grained sediments (red arrows) in the left versus crystals (red lines) growing radially
in the right.
by nucleating on a carbonate septarian concretion substrate and then radiated outward in three
dimensions (Figure 2.23). Outcrops show that the number of generations and thickness of
radiating calcite fans present below a carbonate septarian concretion are fewer and much thinner
or not present at all than those above a concretion or on the flanking periphery (Figures 2.22D
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and 2.23A). Neighboring carbonate radial fans may exhibit very different geometries of
compound calcite crystals, such as radial or laminated geometry on the top of a carbonate
septarian concretion (Figure 2.22D). Locally light gray to light brown laminated calcite crystals
are interlayered with very thin beds (approximately 0.5 mm in average) of the reddish finegrained sandstone (Figure 2.22D).

Figure 2.23: Outcrop photograph of 3D exposure of composite calcite radial fans.
(A) Cross sectional view of multiple generations of calcite radial fans (red dashed outline) grow
upon a carbonate septarian concretion (blue arrows) forming spherical geometry. Note the
thickness and number of layers below the concretion is much less than that above the concretion;
(B) Side view of the same composite radial fans. Note the multiple layers of calcite (arrows)
suggesting gradual growth of the radial fans.
Petrographic analysis shows that the composite radial fans consist of multiple generations
of radiating calcite crystals with fine-grained detrital quartz sand and silt concentrated at the
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termination of each generation of calcite crystals (Figure 2.24A, B and C). On outcrop, the
boundaries between the outermost margin of all calcite radial fans and the surrounding finegrained sandstone are very sharp, however, on a microscopic scale, the calcite crystals do not
terminate abruptly, but thin and taper out forming a < 1 mm transitional zone (Figure 2.24C).
Partial dissolution of calcite radial fans generated secondary porosity (Figure 2.24D), but the
percentage is very low, approximately accounting for 1.5% in the fans.

Figure 2.24: Micrographs of carbonate radial fans.
(A) Multiple generations of calcite crystals stack with each other to form large fan-like crystal
body. Note detrital quartz (arrows) commonly concentrate at the contact between two
generations of crystals, unstained, plane light, scale bar = 1 mm; (B) Different generations of
calcite crystals are separated by dark silty sediments. Note the shrubby texture of compound
calcite crystals (arrows), scale bar = 1 mm; (C) Vertical variations of calcite crystals. Note the
size of calcite fans (arrows) decreases outward significantly and finally there is no calcite fans
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with more silty sediment input, unstained, plane light, scale bar = 0.5 mm; (D) Dissolution
generates secondary porosity within calcite radial fans, upper half stained and lower half
unstained, plane light, scale bar = 1 mm.

Growth Models of Calcite Radial Fans
Radial carbonate crystals have been documented in terrestrial (e.g. calcrete, Verrecchia et
al., 1995), lacustrine (Fort et al, 1989), and marine environments (Castanier et al., 1989; Payne et
al, 2007) and thus are not indicative of a specific depositional environment. However, they
provide constraints on the geochemical nature of the environment they formed in.
Calcite spherulites are common constituents in the Cretaceous Pre-salt microbialite
reservoirs of the South Atlantic (e.g. Dorobek et al., 2012; Anelize et al., 2013). Bates and
Jackson (1980) described spherulites as “a more or less spherical body or coarsely crystalline
aggregate with a radial internal structure arranged around one or more centers, varying in size
from microscopic grains to objects many centimeters in diameter, and formed in a sedimentary
rock”. Spherulite was later used in a more general way as a spherical body of various minerals,
size and fabrics (e.g. Verrecchia et al., 1995). The calcite radial fans from the study area are
considered “spherulites” because their morphologies (Figures 2.22 and 2.23) are consistent with
the general description that Bates and Jackson (1980) proposed.
Dorobek et al. (2012) suggested that microbes may not be essential for mediating
carbonate precipitation of spherulites found in some Pre-salt lacustrine reservoirs. He concluded
that aragonite, calcite and dolomite spherulites precipitated both on the lake floor and within
previously deposited sediment by displacive crystal growth. Payne et al., 2007 similarily
concluded that Early Triassic marine microbialite facies contained radiating aragonite fans that
precipitated in the voids between microbial frameworks and were not diagenetic in origin.
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Determining the formational timing and settings of calcite radial fans in the Indio
Mountains is of importance because it helps to understand whether they are depositional or
diagenetic products and constrains the nature of either syndepositional or diagenetic processes
and fluids that induced the precipitation. Calcite radial fans on outcrop either grow radially away
from carbonate septarian concretion substrates or from a centralized calcite nucleus within the
reddish fine-grained sandstone. If they were diagenetic products forming within sediments by
displacive crystallization during the process of growing, they needed to overcome the
gravitational force from the overlying and surrounding sediments. Becker and Day (1916) found
a dramatic decrease in the amount of crystal growth if only a 0.7 mg of detrital sediments was
deposited on the seed crystals and the growth rate was reduced to 1/25 of the rate of noncovered
seed crystals. Therefore, it is hard to imagine how the calcite radial fans in the study area could
grow up to 55 cm in diameter if growing within sediments.
In the study area, radial calcite crystals are interlayered with < 1 mm laminae of reddish
fine-grained sand and silt. There is no indication that the host sediments had voids of suitable
size or geometry that could accommodate precipitation of the calcite radial fans as cement. The
amount of sediments in the laminae is too small volumetrically to have been displaced by the
growth of calcite crystals. Also, the quartz grains are concentrated in layers, which is unlikely
formed by the process that the detrital sands were being replaced by the radial calcite. However,
if the crystals were precipitating out of surface waters, periodic influx of detrital sediments
would form a thin cover over the terminations of the crystals. The cycles renewed crystal growth
following episodes of detrital influx into a standing body of water would produce the
interlayered fabric observed in the study area. This interlayering of calcite fans crystals and
detrital sediments suggests that precipitation of calcite is sensitive to siliciclastic influx possibly
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associated with seasonal variations. The calcite crystals preferentially grew during periods of
reduced detrital sediment influx. If the turbidity became greater due to more siliciclastic influx,
calcite growth was inhibited and silty sediments then capped the growing terminations of calcite
crystals. As turbidity decreased, the calcite fans started to grow a new generation on top of
detrital sediment layer. The decrease in crystal size and number outward in the transition zone
suggests that the proportion of detrital sediments in the water column had a negative impact on
crystal growth (Figure 2.24C)
Two possible mechanisms are proposed here to achieve the prerequisite – calcium
carbonate super-saturation in surface waters for the formation of the calcite radial fans. Calcite
super-saturation conditions might be achieved by either a decrease in pCO2, increase in
temperature, and a response to sulfate reduction by microbes.
The calcite radial fans are confined to the area around Fault 7 and terminate against the
fault suggesting there is an association. There is stratal growth across Fault 7 during deposition
of the calcite radial fans. Movement on the fault plane may have provided a conduit to bring Caenriched waters to the surface where the pCO2 was lowered by degassing resulting in calcite
precipitation (e.g. Peckmann et al., 2001; Greinerr et al., 2001; Svensen et al., 2003).
2.3.4 Stromatolitic Bindstone
Outcrops of the stromatolitic bindstone lithofacies are very easy to differentiate from other
lithofacies based on the irregular resistant, rubbly character of the beds, light gray with rusty
patches weathering color and filamentous, patchy internal fabrics. This facies always overlies the
massive fine-grained sandstone containing carbonate septarian concretions. The color of
weathered surface is similar to its fresh surface (light gray), but it sometimes contains rusty
brown patches due to iron oxidation (Figure 2.25A and C). Dark gray chert nodules and lenses
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whose length ranges from 3 to 27 cm are associated with stromatolite layers (Figure 2.25B).
Stromatolite beds have limited lateral extent, usually < 50 m particularly in the Echo Canyon
area. Here stromatolite beds taper out along strike abruptly, but locally gradationally over a few
meters from light gray, thin to medium bedded stromatolite into the medium bedded
dolomudstone facies. A single stromatolite bed ranges in thickness from thin bedded (< 10 cm)
to medium bedded (10 – 50 cm) and the total thickness of stromatolite bearing beds in each
locality never exceeds more than 1m (Figure 2.25C). The thickness varies significantly along
strike and the morphology shifts between laminated tabular bodies to large domes (Figures
2.25A and 2.26). Individual beds typically have a flat planar base and irregular knobby top
(Figure 2.25D). The stromatolite may be interlayered with lenses (< 30 cm long) of light brown
to light tan fine- to medium-grained siliciclastic sediments where rare ostracods are present
(Figure 2.25E and F). Locally small, vertical dark microbial columns, 0.5 to 1 cm tall, are
developed (Figure 2.25F).
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Figure 2.25: Outcrop photograph of lacustrine stromatolite.
(A) Stromatolitic domes, overlying carbonate concretions, is capped by dolomite; (B) Chert
bands are preserved in stromatolite that is overlain by dolomite; (C) Thin bedded stromatolite;
(D) Map-view of the stromatolite in (C) show slight topographic variation (topographic high of
dark gray versus topographic low of light tan); (E) a thin layer of stromatolite pinches out; (F)
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Close-up photograph of (E) shows stromatolitic lamination and small vertical microbial columns
(arrow). Stromatolitic framework is separated by light tan sandy sediments.

Figure 2.26: Outcrop photograph of lacustrine stromatolite exposed in the south thrust panel of
the Indio Mountains.
(A) Stromatolitic domes overlain by purple to reddish burrowed fine-grained sandstone (Facies
2.1); (B) Stromatolitic domes overlain by silicified limestone. Note the elongate chert band.
Internally, the stromatolitic facies is characterized by interlayers of subangular to
subrounded fine-grained detrital quartz and dark micritic microbial filamentous laminae that
trapped small amount of detrital quartz (Figure 2.27A and B). Locally the micritic microbial
laminae are interlaminated with peloidal packstone (Figure 2.27C). The origin of the peloids is
most likely by the erosion and breakup of a former stromatolitic mats or domes (RodríguezMartínez et al., 2010). Small spherical and elliptical fenestrae (< 0.5 mm) are common within the
stromatolitic framework (Figure 2.27A). Locally irregular-shaped, jagged dissolution-enhanced
fractures cut across the stromatolitic laminae at oblique to almost perpendicular orientations
(Figure 2.27D). The irregular fractures are filled with very fine-grained detrital quartz derived
from the overlying sedimentary layers (Figure 2.27E).
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Micro-crystalline and sparry calcite are common cements but locally micro-crystalline
dolomite is present (Figure 2.27E). Micro-crystalline dolomite also randomly replaced parts of
stromatolitic framework and displays a patchy appearance, suggesting non-fabric selective
replacement. Authigenic quartz is also common, particularly in areas where micro-crystalline
dolomite is present (Figure 2.27F). The interior of authigenic quartz crystals are “fuzzy” and
contain floating micro-crystalline dolomite, indicating that micro-crystalline dolomite partially
was replaced by quartz crystals (Figure 2.27F).
Depositional Environment Interpretation
Microbialites are organosedimentary structures, requiring both microbial activity and saturation
of calcium carbonate to form (Burne and Moore, 1987; Riding 2000 and 2006). The associated
microbes include algae, fungi, bacteria and protozoans and most of them adhere to the sedimentwater interface and live in oxygenated environments in shallow water where photosynthesis
occurs (Riding, 2000). Stromatolite is one of the most common microbialite fabrics to develop in
lacustrine or marine shallow water environments within photic zone (Riding, 2000). Fenestrae
and dissolution veins within some stromatolites together suggest periodic subaerial exposure of
this shallow water facies. Regional studies of the area suggest transgression did not occur in the
area during the Cretaceous until deposition of the overlying Bluff Mesa Formation (e.g.
Underwood, 1962) and the stromatolite facies lacks any marine fossils. Therefore, the
stromatolite facies is interpreted to form in supra-littoral zone within lacustrine environment
following the Renaut and Gierlowski-Kordesch (2010) lacustrine zonation classification.
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Figure 2.27: Photomicrographs of stromatolite.
(A) Dark stromatolitic framework interlayers with siliciclastic sediments. Note the spherical to
elliptical fenestrae preserved within the framework, stained, plane light, scale bar = 1 mm; (B)
Microscopic stromatolititc dome. Note the irregular top (dash line) and the bottom that gets
dolomitized and silicified by micro-crystalline quartz, stained, cross polarized light, scale bar = 1
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mm; (C) Local peloidal deposits developed between stromatolitic framework, unstained, plane
light, scale bar = 1 mm; (D) Stromatolitic framework is separated by an irregular dissolutional
vein filled by siliciclastic deposits, stained, cross polarized light, scale bar = 1 mm; (E) Local
amplification of the sediments in the vein from (D). Note the original calcite cements were
dolomitized, stained, cross polarized light, scale bar = 0.5 mm; (F) Authigenic quartz with
internal floating micro-crystalline dolomite remnants, stained, cross polarized light, scale bar =
0.2 mm.

2.3.5 Dolomudstone
The dolomudstone lithofacies is very rare compared to other lithofacies in the study area.
It forms dark brown (weathered) to light brown and light gray (fresh) colored, medium beds (10
– 50 cm) (Figure 2.28A and B). It was deposited locally on the top of reddish fine-grained
sandstone containing carbonate septarian concretions and grades laterally into the stromatolitic
bindstone lithofacies (Figure 2.25A). The dolomudstone lithofacies forms a single horizon in the
study area that is only present on the uplifted horst block bounded by Faults 8 and 9 (cycle 1 in
Figure 2.1). Dolomitization of this horizon terminates near the fault planes and no correlative
horizon has been identified across the faults on the neighboring graben blocks. The lithofacies
does not contain fossils, stromatolitic fabrics, or root structures.
At a microscopic scale, fabrics from the original limestone are visible (Figure 2.28C),
indicating that the original limestone was not pervasively dolomitized. In addition, very finegrained detrital quartz is interspersed randomly in the dolomudstone (Figure 2.28C). Locally, insitu brecciated clasts (rip-up clasts?) ranging from approximately 0.2 mm to 3 mm in length are
present (Figure 2.28C and D). They are cemented together either by calcite cement (Figure
2.28C) or relatively coarser crystalline and brighter dolomite (Figure 2.28D).
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Figure 2.28: Outcrop photographs and photomicrographs of lacustrine dolomudstone.
(A) light gray to light brown medium bedded dolomite overlying reddish massive fine-grained
sandstone containing carbonate septarian concretions; (B) Amplification of the light brown
dolomite from (A); (C) A rip-up clast whose outline is highlighted by calcite remains, stained,
cross-polarized light, scale bar = 1 mm; (D) Dense and dark dolomitic regions are separated by
bright dolomite veins (arrow), stained, cross-polarized light, scale bar = 0.2 mm.

Depositional Environment Interpretation
In the marine environment, dolomudstones associated with cyanobacterial structures
including stromatolites are typical of the supratidal environment where sediments are
periodically exposed. Dolomite tends to form at the surface on marine supratidal flats, a few
centimeters above normal high tide (Shinn, 1983). Lacustrine systems are generally not thought
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to be influenced by tidal effects even in large lakes; and wave and currents tend to be the
dominant physical processes (Imboden, 2004). The depositional environment interpretation of
dolomudstone facies in the study area is primarily based on the stratigraphic relationship with
both underlying and overlying facies as well as internal fabrics.
The position of the dolomudstone within the ideal the depositional cycle (Figure 2.2) is
below the fluvial channel deposits, and laterally gradational with the stromatolite lithofacies,
which displays evidence of subaerial exposure. Locally it lies directly above reddish fine-grained
sandstone containing septarian concretions due to the pinch-out along strike of the stromatolite
facies (Figure 2.28A). The dolomudstone only developed on the horst block that is bounded by
faults 8 and 9 and does not extend laterally onto the neighboring graben blocks. This suggests
that the dolomudstone was controlled by topographic relief over the horst block which
influenced bathymetry and associated depositional facies. In addition, the rip-up clasts within
this facies caused by in-situ dehydration brecciation (Figure 2.28C and D) is consistent with
subaerial exposure of the uplifted horst block.
Overall, the stratigraphic relationship and lateral variations documented suggest the
dolomudstone was locally deposited in the lacustrine supra-littoral zone adjacent to the
stromatolite facies prior to lowering of lake level and fluvial incision. Most likely near the
margin of a lake where localized subaerial exposure on the horst block might occur when climate
variations caused oscillations of lake level.
2.4 Marginal Marine Facies Association
The marginal marine facies identified in the field area are present only locally at the very
top of the Yucca Formation and have been placed in the basal beds of the Bluff Mesa Formation.
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This facies association contains two lithofacies: 1) Sandy, Oyster-rich Packstone and 2) Lime
mudstone. Attributes of the subfacies are summarized in Table 2.3.
2.4.1 Sandy, Oyster-rich Packstone
The sandy oyster-rich packstone is gray (fresh) and light brown (weathered) and forms
medium to thick beds. It has sharp bedding boundaries (Figure 2.29A). The total thickness of this
lithofacies is up to 1.3 m and varies slightly along strike to 70 cm. The beds pinch out to the
southeast of Squaw Canyon towards Echo Canyon without truncation by faults (Figure 1.5). Its
lower bedding surface has a slightly irregular and erosive contact within the underlying mediumgrained sandstone and oyster fragments are present near the top of the sandstone (Figure 2.29B).
This lithofacies is very different from the underlying fluvial and lacustrine facies of the Yucca
Formation due to the abundance of oysters.
Fine-grained, subrounded to subangular, detrital quartz, granular to pebbly limemudstone clasts, and oyster fragments are the primary constituents of this lithofacies (Figure
2.30A). Oysters account for 60% of this lithofacies and they vary in size from approximately 1
mm fragments to 6 cm whole specimens. More than 95% of the oysters are preserved as
disarticulated fragments. In addition to oysters, subangular to subrounded lime-mudstone pebbles
(5%) are present (Figure 2.29C). The grains and clasts are unsorted. Localized trough cross
bedding commonly develops immediately above the underlying sandstone and the oyster
fragments’ size is much smaller in cross bedded units compared to other areas (Figure 2.29D).
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Figure 2.29: Outcrop photograph of marginal marine oyster-rich sandy lime packstone (OSL).
(A) Thick bedded OSL overlain by poor-exposed sandstone and massive shallow-marine
fossiliferous lime packstone; (B) Base of the OSL. Note there are several oyster fragments
(arrows) preserved within the underling fluvial yellowish sediments; (C) Limestone pebbles
(arrows) within the OSL; (D) Local trough cross laminations in the OSL.
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Before calcite cementation, mechanical compaction caused in situ breakage of oyster
shells (Figure 2.30C). Micro-crystalline dolomite partially replaced the calcite cements after
burial (Figure 2.30D). Non-fabric selective dissolution postdates dolomitization (Figure 2.30A
and C) generating secondary porosity (< 1.5%) along edges of oyster shells (Figure 2.30C).
Intragranular porosity (< 0.2%) is also present in a rare foraminifer (?) inferred by its geometry
(Figure 2.30E). Fe-oxide is present only in the possible foraminifer and the carbonate
concretions (Figure 2.30B and E), suggesting a fabric selective replacement trend. Silicification
that commonly influenced the previously described nonmarine lithofacies was not recognized in
this facies
Depositional Environment Interpretation
From the base of the upper member of the Yucca Formation to the base of the sandy
oyster-rich packstone, the stratigraphic record is characterized by nonmarine depositional
environments. Compared to all the facies analyzed previously, this lithofacies is distinctive
because it contains abundant oysters. Furthermore, the facies pinches-out laterally between
Squaw and Echo canyons without influence from faults and thus has a local distribution. The
stratigraphic thickness between this facies and normal-marine fossiliferous packstone is
approximately 8 m (Figures 2.1 and 2.29A). Besides the beds of sandy oyster-rich packstone, this
interval is dominated by light tan fine-grained sandstone with a layer of medium-bedded lime
mudstone.
Based on the outcrop limitation and petrographic features, lateral distribution, facies
changes upward to the normal-marine fossiliferous packstone lithofacies, the sandy oyster-rich
packstone is interpreted as either estuarine deposition during the early stages of marine
transgression or bay deposition.
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Figure 2.30: Photomicrographs of marginal marine sandy oyster-rich lime packstone (OSL).
(A) Grains are largely composed of oyster fragments and detrital quartz. Note compaction
induced dissolution (arrow), unstained, plane light, scale bar = 1 mm; (B) Carbonate concretion
with septarian cracks (dash line) is also found in the OSL, stained, cross polarized light, scale bar
= 1 mm; (C) Dissolution generates secondary porosity along the edge of the oyster fragment.
Note the broken oyster shells imply mechanical compaction (arrows), unstained, plane light,
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scale bar = 0.5 mm; (D) Micro-crystalline dolomite cement, stained, cross polarized light, scale
bar = 0.2 mm; (E) Very rare intragranular porosity within a foraminifer (?) is also found, stained,
plane light, scale bar = 0.5 mm.
Oysters are commonly the dominant fauna in estuarine environment (Dame, 1984;
Feldman et al., 2000). The stratigraphic fining-upward trend that ranges from sandy oyster-rich
packstone containing trough cross-lamination and an erosive base (Figure 2.29B and D) to light
tan, fine-grained sandstone is similar to what Moslow and Tye (1985) described from tidal-inlet
channels associated with estuarine mouth sands. From the Gironde Estuary in France, Allen and
Posamentier (1993) found scattered gravel and shell fragments within the siliciclastic-dominated
estuary mouth sands that are similar to what have been observed from petrographic analysis and
outcrops between Echo and Squaw canyons. The fine-grained sands are interpreted to be formed
in a relatively more landward area of estuary (Dalrymple et al., 2006). In addition to estuarine
environment, abundant oysters also assemble together in relatively deep water within bay
environment (Van Rooij et al., 2010).
2.4.2 Lime Mudstone
The lime mudstone facies ranges in color from medium gray (fresh) to light brown
(weathered). This facies crops out as a single, unfossiliferous bed, 55 cm thick near the base of
the Bluff Mesa Formation (Figure 2.31). It is located stratigraphically approximately 6.5 to 7 m
above the sandy oyster-rich packstone. These two lithofacies are separated by a very poorlyexposed, recessive interval of laminated fine-grained sandstone.
The sandy oyster-rich packstone facies terminates along strike between Squaw and Echo
canyons (Figure 1.5). In Echo Canyon the lime mudstone facies cannot be traced continuously
along strike due to outcrop limitation, but local exposures from both Squaw Canyon and Echo
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Figure 2.31: Outcrop photographs of marginal marine lime mudstone (LM).
(A) Medium bedded LM overlain by poor-exposed sandstone and normal-marine fossiliferous
lime packstone near the top of Squaw Canyon Section 2; (B) Medium bedded LM overlain by
poor-exposed sandstone and normal-marine fossiliferous lime packstone near the top of Echo
Canyon Section 5; (C) Detail of LM from (A), Note the fractures are filled by calcite (arrows);
(D) Detail of LM from (B). Note fractures are also present (arrows).
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Canyon show that the lime mudstone bed is overlain by another poorly exposed interval of
sandstone capped by the fossiliferous packstone of the Bluff Mesa Formation (Figure 2.31A and
B). This suggests the lime mudstone is continuous even though the thickness varies slightly
(Figure 2.31A and B).
Lime mud is the dominant component of this lithofacies, but rare grains (< 2%) include
fine-grained detrital quartz, foraminifers (Figure 2.32A), borings (?) (Figure 2.32B) and very tiny
bivalves (< 1 mm) (Figure 2.32C). Dissolution is one of the common diagenetic features, which
happened prior to fracture sets based on cross-cutting relationships. The fracture sets form
narrow (0.02 mm wide), paralleling, smooth veins (Figure 2.32B). Silicification (microcrystalline quartz) replaced the entire infill of a possible boring (?) that formed after the fractures
based on cross-cutting relationships (Figure 2.32B). Sparry calcite crystals fill the central cavities
of some small bivalves, but subsequent non-fabric selective dolomitization partially replaced
both the calcite cement and lime muds (Figure 2.32C). Floating calcite and dolomite crystals are
present within dark micro-crystalline quartz suggest non-fabric selective silicification replaced
both the central cavity of a bivalve and the lime mud matrix (Figure 2.32C and D).
Depositional Environment Interpretation
The lime mudstone forms a layer between the sandy oyster-rich packstone and the
fossiliferous packstone near Echo Canyon. Both the lime mudstone and the poorly exposed, light
yellowish fine-grained sandstone form a fining-upward succession between the sandy oyster-rich
packstone and the fossiliferous packstone. The lime mudstone is interpreted to have been
deposited in an estuarine or bay environment in association with the oyster-rich packstone.
Compared to sandy oyster-rich packstone, the percentage of detrital quartz in this facies is
significantly lower suggesting deposition was more distal to siliciclastic influx from fluvial
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systems. The scarcity of fauna (rare bivalves and foraminifer) and the lack of wave- or tidalinfluenced sedimentary structures might suggest the lime mudstone was deposited in a relatively
restricted, low energy area within the estuarine or bay.

Figure 2.32: Photomicrographs of marginal marine lime mudstone (LM).
(A) Local detrital quartz (green arrow), bivalve (white arrow) and foraminifers (blue arrow) are
found, stained, cross polarized light, scale bar = 1 mm; (B) A burrow (?) totally filled by microcrystalline quartz. Note chemical compaction caused dissolution (white arrow) and multiple
generations of thin cross-cutting calcite veins (blue arrows), unstained, plane light, scale bar = 1
mm; (C) Small amount of bivalves and lime mud were replaced by bright dolomite and microcrystalline quartz, stained, plane light, scale bar = 1 mm; (D) Detail of (C), note the interior of
the bivalve are replaced by bright dolomite (green arrow) and then by dark micro-crystalline
quartz (blue arrow). Small amount of calcite (white arrow) remains float in dark microcrystalline quartz, stained, cross polarized light, scale bar = 0.5 mm.
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2.5 Normal-Marine Facies Association
Stratigraphically above the isolated marginal marine facies, the Bluff Mesa Formation
comprises interbedded normal marine siliciclastics and carbonates. Measured stratigraphic
sections acquired for this study extended upward through the Yucca Formation/Bluff Mesa
Formation contact to the first laterally continuous bed, which is formed of the Fossiliferous
Packstone lithofacies. A description and depositional environment interpretation of this
lithofacies is given here and summarized in Table 2.3.
2.5.1 Fossiliferous Packstone
The fossiliferous packstone forms laterally continuous, fossiliferous, thick to massive
gray (fresh) limestone beds (Figure 2.33A and B). Because of the distinctive nature and
continuity of the first occurrence of this facies above the Yucca/Bluff Mesa formational contact,
the fossiliferous packstone was used as a marker bed to correlate the top of the measured sections
from Squaw Canyon to Echo Canyon. The base of the marker bed is irregular and erosional. No
rip-up clasts originating from the underlying sandstone are found near the base of the
fossiliferous packstone, but the packstone contains more quartz sand at the base and is less well
cemented than the overlying cleaner limestone (Figure 2.33A). On outcrop this facies contains
light gray patches with diffuse boundaries sitting within light tan matrix (Figure 2.33C). The
matrix is more grain-rich and has coarser grains including detrital quartz and small fossil
fragments than the light gray patches, which are more lime mud-rich (Figure 2.33C).
Compared to the sandy oyster-rich packstone in which oysters are the only type of fossils
present, the fossiliferous packstone contains a much higher diversity of fossils including oysters
(Figure 2.33B), foraminifers, gastropods, bivalves (Figure 2.33D), scleractinian corals (Figure
2.33E), floating petrified wood (Figure 2.33F), and echinoderms (Figure 2.34A). Many of the
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Figure 2.33: Outcrop photograph of shallow-marine fossiliferous lime packstone (FLP).
(A) The contact of the FLP with underlying sandstone is sharp (dash line); (B) Oysters are still
one of the main fossil types. Note the fractures are filled by calcite (arrows); (C) Texture of the
FLP in some local area: light brown area (grain-rich) vs light gray area (lime-mud-rich); (D)
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Abundant small gastropods and foraminifers; (E) Scleractinian corals;; (F) Elongate petrified
wood (arrow) parallels to the bedding.
fossils are relatively hard to identify due to heavy micritization at the seafloor associated with
endolithic algal activity during early diagenesis and they are preserved as peloids now (Figure.
2.34B). The percentage of detrital quartz (< 5%) in the fossiliferous packstone facies is much
lower than all the siliciclastic facies introduced previously (Figure 2.34C).
Locally, lime mudstone has been recrystallized to coarse crystalline calcite (Figure
2.34D). Dissolution channels formed along sparry calcite filled fractures, which generated minor
amounts of secondary porosity (~ 1%) (Figure 2.34E). Dissolution channels also cut across the
lime mud matrix (Figure 2.34F), suggesting that dissolution was not fabric selective. Subsequent
dolomitization (micro-crystalline dolomite) replaced sparry calcite in the veins and was in turn
finally replaced by micro-crystalline quartz (Figure 2.34F).
Depositional Environment Interpretation
Based on the high faunal diversity and presence of normal marine fauna such as
scleractinian corals and echinoderms, Underwood (1962) interpreted the Bluff Mesa Formation
to represent a transgressive shallow-marine shelf depositional setting. Fine-grained detrital
quartz grains and petrified wood fragments documented in this study in the lowermost beds of
the Bluff Mesa Formation maybe suggest proximity to a shoreline where terrestrial sediments
were accessible.
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Figure 2.34: Photomicrographs of shallow-marine fossiliferous lime packstone (FLP).
(A) Echinoderm fragment. Note chemical compaction induced dissolution (arrows), unstained,
cross polarized light, scale bar = 0.2 mm; (B) Fossil fragments have been micritized; (C)
Abundant foraminifers, unstained, cross polarized light, scale bar = 0.5 mm; (D) A clast of
micritized fossiliferous packstone sits in lime-mud. Note lime-mud locally gets recrystallization
(arrow), unstained, plane light, scale bar = 1 mm; (E) Dissolution generates the secondary
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porosity. Note the replacive dolomite remains in the porosity (arrow), stained, cross polarized
light, scale bar = 1 mm; (F) Local dolomitization is followed by silicification (micro-crystalline
quartz, red arrows). Note the remains of calcite vein (blue arrows) and dolomite remains (green
arrows), stained, cross polarized light, scale bar = 0.5 mm.
2.6 Stratigraphic Cyclicity and Controls
Eleven stratigraphic cycles were recognized in the upper member of Yucca Formation
between Echo and Squaw canyons (Figure 2.1). Each cycle is defined by the idealized
stratigraphic facies progression (Figure 2.2) of lacustrine littoral to fluvial channel facies
associations. The total thickness of the upper member of the Yucca Formation is thicker in
Squaw Canyon (367.5m) than Echo Canyon (298m). The thickness of individual cycles is highly
variable, but ranges from 9 to 75 m (Table 2.4) and in general, individual cycles are thicker in
Squaw Canyon than Echo Canyon (Table 2.4). Average cycle thickness nearly doubles in cycles
7 and 8, which may partially be an artifact of the poor outcrop exposure of these cycles
compared to other cycles (note increased number of covered intervals in these cycles). The
thickness of lacustrine facies within an individual cycle ranges from 1.1 to 34 m, whereas the
thickness of fluvial channel facies shows a wider variation from 1.7 to 52 m (Table 2.4).
Although the thickness of lacustrine versus fluvial facies within a cycle is highly variable, there
is a general trend of lacustrine facies becoming the dominant facies association upward, whereas
fluvial facies display the opposite trend (Figure 2.1; Table 2.4).
The ideal stratigraphic cycle (Figure 2.2) was proposed to represent a shoaling-upward
trend from lacustrine to fluvial environments documented in the study area, but each lithofacies
(Tables 2.2 and 2.3) is not necessarily present in all the cycles and some lithofacies display
temporal and spatial variations. Spatial and temporal variations of fluvial channel-fill types are
most pronounced in the distribution of polymict-clast channel facies. In the Squaw Canyon area,
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Table 2.4: Stratigraphic cyclicity in the Upper Member of Yucca Formation
Average thickness of each cycle

Average facies percentage in each cycle (%)

(m)
Cycle

Squaw

Echo

Average

Squaw Canyon

No.

Canyon

Canyon

thickness

11

16

12

14

100

0

5

95

10

29

22.5

26

76

24

0

100

9

16

27

21.5

52

48

50

50

8

36

58

27

90

10

50

50

7

75

21

58

35

65

85

15

6

25

25

25

50

50

35

65

5

31

22.5

27

80

20

42.5

57.5

4

26

26

23

12

88

0

100

3

30.5

9

20

13

87

0

100

2

53

29

41

25

75

55

45

1

30

46

38

60

40

17

83

Average

367.5

298

Lacustrine

Fluvial

Echo Canyon
Lacustrine

Fluvial

total
thickness
polymict-clast channel fills are locally present in nearly all the cycles. In contrast, in the Echo
Canyon area they are confined to cycle 1 (Figures 2.1 and 2.35).
The lacustrine littoral facies associations display pronounced spatial and temporal trends
related to the specific type of lacustrine lithofacies. The following lithofacies are spatially and/or
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temporally constrained or completely isolated: 1) Dolomudstone, present only in Echo Canyon at
46 m-Section 2; 2) Thrombolitic lenses within the fine-grained burrowed sandstone, present only
in Squaw Canyon at 295 m-Section 2; and 3) Calcite radial fans, present only in Echo Canyon at
114 m-Section 1, near where Fault 7 and 8 converge (Figures 2.1 and 2.35); 4) Stromatolitic
bindstone distribution is localized within cycles 1, 2, 4 and 6 and absent from cycles 7 and
above) and 5) The fine-grained burrowed sandstone facies is thicker in the upper cycles from
cycle 7 to 11 and both fine-grained burrowed sandstone and fine-grained sandstone containing
carbonate septarian concretions dominate in the upper cycles.
The primary controls on stratigraphic cyclicity and facies distribution in lacustrine
depositional systems are the interplay between tectonics and climate, which determine lake level,
detrital sediment input, and water chemistry (Renaut and Gierlowski-Kordesch, 2010). The
climate during the deposition of Yucca Formation was interpreted by Campell (1980) as subhumid to semi-arid because repeated regional uplift and subsequent extensive erosion from the
sediment source area were required in order to supply the large volumes of sediment preserved in
the Las Vigas Formation, which is the counterpart of Yucca Formation, to the basinal areas of
the Chihuahua Trough. The fluctuations of sub-humid to semi-arid climate resulted in cyclic
oscillations of lake level that influenced Waltherian lateral facies migration and produced the
cyclic variation of lacustrine to fluvial facies associations present in the study area. In addition,
there are calcic paleosols throughout the Hell-to-Finish Formation in southwestern New Mexico
which is temporal correlation to the Yucca Formation, which indicates semi-arid climate (Mack,
1992). When the climate was sub-humid, increased rainfall resulted in increased surface water
runoff that collected in rift-related topographic lows of the region forming lakes. As the climate
changed from sub-humid to semi-arid, surface water runoff decreased, lake baselevel fell to the
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Figure 2.35: Temporal and spatial distribution of some unique facies.
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point that fluvial channels dominated the depositional system. The upward increase in the
thickness and dominance of lacustrine facies within cycles most likely represents a long-term
shift to more humid conditions and a reduced sediment supply throughout deposition of the
upper member of the Yucca Formation corresponding to increased surface runoff and lake water
depth. Correspondingly, lacustrine lithofacies stratigraphic variations suggest that the lakes
became deeper in the upper cycles (7-11). This is indicated by the upward decrease of shallower
water lacustrine facies (stromatolitic bindstone and dolomudstone) and increase in deeper water
lacustrine facies (fine-grained burrowed sandstone and thrombolite) within cycles.
Though the Indio Mountains are part of a regional rift tectonic, the local study area was
effected by small-scale differential uplift and subsidence on syndepositional faults. Eight faults,
many of which display syndepositional growth were identified in the Echo Canyon area and little
or no faulting was recognized in the Squaw Canyon area. Syndepositional growth affecting
facies distribution is indicated along Faults 2 and 6, which bound a horst block; Faults 6, 7 and 8,
which bound two graben blocks; and Faults 8 and 9, which bound another horst block (Figure
2.35). Within relatively deeper water cycle 6, the shallow water stromatolitic bindstone is
confined to a horst block, which may have provided the required topographic relief to put this
local area into shallow lake water depths (Figure 2.35). This same concept may be applied to
isolated occurrence of the dolomudstone and stromatolitic bindstone facies in cycle 1 on top of
the horst block bounded by faults 8 and 9. Conversely, the radial crystal fan facies are confined
to the adjacent graben block in cycle 1. The thickness of this facies decreases away from fault 7
suggesting the fault may have served as a conduit for carbonate-saturated seep waters to
discharge and de-gas leading to crystallization of carbonate crystal radial fans and spherulites on
the lake floor adjacent to the fault.
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Diagenetic alterations and the paragenetic sequence developed in the lacustrine and
fluvial facies are almost the same. Mineral replacements including dolomitization and
silicification were identified in all lithofacies (Tables 2.1, 2.2, and 2.3) except for the lacustrine
thrombolite and calcite radial fans that are locally distributed. Both of these lithofacies display
attributes of early cementation, which would have occluded porosity and prevented replacing
fluids from penetrating these localized areas. Secondary porosity was locally generated by
dissolution within the relatively deep burial environment. The diagenetic fabrics particularly
within the stromatolitic bindstone facies are similar to what Guidry et al. (2009) briefly described
from offshore Brazilian Pre-salt lacustrine microbialite lithofacies, however, secondary porosity
generated by dissolution in the study area does not form reservoir because the average
percentage of porosity ranges from 1% to 2% in all the lithofacies and does not exhibit a distinct
trend of spatial variation from Echo Canyon toward Squaw Canyon within the Indio Mountains.
The only evident spatial variation regarding diagenetic features is the distribution of saddle
dolomite (typically precipitated from hydrothermal fluids, e.g. Chen et al., 2004; Lonnee and
Machel, 2006), which is confined to two very local areas: 1) Tertiary igneous intrusions and 2)
adjacent to faults 6 and 7 (Figure 2.35).
Overall, the repeated stratigraphic cycles lateral subtle facies variation within the upper
member of the Yucca Formation (Kuy) was primarily controlled by climate variation and
syndepositional faulting superimposed on a fluvial to shallow lacustrine depositional profile on
the eastern margin of the Chihuahua Trough.
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CHAPTER 3 LACUSTRINE LITTORAL FACIES DEPOSITIONAL
MODEL
In South Atlantic Pre-salt rift basins the highly productive reservoirs are primarily
lacustrine microbialite carbonates (Quirk et al., 2013; Zalán, 2013). Therefore the most useful
analog models are those that have a predictive aspect to the spatial and temporal distribution of
the microbialite facies. Current published models regarding the occurrence and facies variations
of lacustrine microbial carbonates can be generally divided into three end member types (Figure
3.1). In shallow (< 1 m or subaerially exposed) lake, microbialites can occur over extensive areas
(Eardley, 1938) as a facies mosaic of sheet-like bioherms and biostromes, such as the lake
margin of the Great Salt Lake in Utah (e.g. Colman et al., 2002; Baskin et al., 2011). Baskin et
al. (2012) noticed large stromatolite build-ups tend to concentrate in some specific areas, but
they did not cite the corresponding locations and their depth. In relatively deep lakes, particularly
lakes with a stepped or bench-like margin (Renaut and Gierlowski-Kordesch, 2010), microbialite
may occur in variety of morphologies or internal fabrics that respond to changes in water depth,
such as those documented by (Cohen et al., 1997) at Lake Tanganyika, in the East African Rift.
Holocene stromatolites within photic zone formed in reconstructed water depths of several
meters to 26 m in the Lake Tanganyika (Cohen et al., 1997): 1) small columns and stratified
encrustations (2-14 m); 2) isolated domes and columns (~5-15 m); 3) linked domes and domes
(15-20 m), 4) and major buildups of bioherm (15-26 m). In addition, lacustrine “microbialite”
(tufa) is also identified in association with and align along springs and hydrothermal seeps
through which calcium ions are discharged into alkaline carbonate-rich lakes, such as the
“microbialites” in Pyramid Lake, Nevada, U.S., where the seeps occur along faults (Benson,
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1994; Arp et al., 1999). Locally microbialites build up to as much as 100 m, but their spatial
morphological variations along the faults was not the focus of these research studies and was
therefore not documented (e.g. Della Porta and Federica Barilaro, 2011).

Figure 3.1: Major settings for microbial carbonate development. Modified after Wright (2013).
1. In shallow lakes extensive microbial bioherms–biostromes can develop, such as the Great Salt
Lake in Utah. 2. Bioherm development controlled by depth-related factors, producing more
linear facies belts. 3. Spring-vent-controlled subaqueous carbonates. In deeper lakes these are
typically restricted to the vent zone and can produce linear to isolated build-ups of seismic scale;
examples have been documented from Pyramid Lake, Mono Lake and parts of the Great Salt
Lake in the USA. In shallow lakes more stratiform deposits are known.
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It is generally thought that The South Atlantic Pre-salt lacustrine microbialites formed in
shallow, low energy, hypersaline lake environments, which were periodically exposed to
meteoric and/or capillary conditions under arid climate (e.g. Anelize et al., 2013). Recently,
Zalán (2013) suggested the thickness of microbialite might be greater along faults. Therefore, the
occurrence and lateral facies variation of Pre-salt microbialite in the South Atlantic rift basin
does not seem to simply fit any of the three published models, but is a more complex system.
In the study area of the Indio Mountains, only lacustrine littoral facies are exposed,
therefore it is difficult to: 1) propose a facies model covering the entire lacustrine basin in order
to depict facies attributes from the shallow to deep lake and 2) make a comparison against the
classical models proposed more than 20 years ago (Tucker and Wright, 1990; Platt and Wright,
1991). Comparison of the predicted lateral facies variations of the three published models to the
trends documented in this study indicates that none of the models sufficiently encompasses all
the variations.
In Echo Canyon, stromatolites are present on separate horst blocks that are bounded by
Fault 2, 6, 8 and 9 (cycle 1 and cycle 6; Figures 2.1 and 2.35). They taper out laterally on the
horst blocks as getting close to faults and non-correlative stromatolitic beds are present on their
neighboring graben blocks. In contrast, relatively deeper water lacustrine facies including
burrowed fine-grained sandstone or fine-grained sandstone including carbonate septarian
concretions and calcite radial fans are preserved on the graben blocks (Figures 3.2 and 3.3 and
Zone 1 in Figure 3.4), even though the offset of those fault averages 5 m and locally up to 10.5
m. This lateral lacustrine facies variations and this distribution of stromatolite were significantly
controlled by bathymetric difference induced by syndepositional faults. Recent geophysical
datasets from the Great Salt Lake, Utah also shows abrupt occurrence of stromatolites in
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Figure 3.2:

Panoramic view of lateral facies variation (See Figure 2.35 for the location of Fault 7, 8 and 9).
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(A) Uninterpreted outcrop; (B) Interpreted facies on the graben block in the left of Fault 7 and on the horst block in the right of Fault
7. Lateral facies variation (blue and yellow rectangles) are shown in Figure 3.3A and B respectively.

Figure 3.3: Detailed lateral facies variation on graben and horst blocks in Figure 3.2
(A) Facies vertically progresses upward from massive sandstone containing carbonate septarian concretions (red arrows), to carbonate
radial fans (green arrows) and to fluvial channel deposits on the graben block; (B) Facies vertically progresses upward from massive
sandstone containing carbonate septarian concretions (red arrows), to stromatolite, to dolomite and to fluvial channel deposits.
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Figure 3.4: Depositional environment model and lateral facies relationships in the Kuy from the central thrust panel of the Indio
Mountains.
Note the lateral lithofacies variation along strike in zone (1) corresponds to Figures 3.2 and 3.3. Instead, lithofacies in zone (2) is not
influenced by syndepositional faults, reflecting the relatively extensive facies in Squaw Canyon (also see the distribution of
microbialite in Figures 2.1 and 2.35.
97

structural microtopographic highs, revealing a similar mode of stromatolite occurrence to the
study area (Baskin et al., 2012), however, the lateral continuity of microbialites and attributes of
sediments on neighboring grabens were not introduced. Distribution of stromatolites on horst
blocks in the Echo Canyon area is similar to relationships documented in Lake Tanganyika, East
Africa in the aspect of bathymetrical control on facies variations of microbialite, but the
bathymetrical variations directly rely on either tectonic control (faulting in the study area) or
topographic control (natural slope gradient variation in the Tanganyika Lake).
In the Squaw Canyon, microbialites in cycles 2 and 6 also pinch-out laterally without
influence from faults (Figures 2.35 and zone 2 in Figure 3.4). Compared to the lateral extent of
stromatolite on horst blocks in the Echo Canyon area, they are relatively more extensive in the
Squaw Canyon area (Figures 2.35 and zone 2 in Figure 3.4). Because of outcrop limitation, the
terminal contact relationship with lateral facies is unknown. Abundant medium-grained
sandstone and a few carbonate septarian concretions are present near the location where the
stromatolite tapers out. Because of the outcrop uncertainty, it is difficult to decide whether the
pinch-out of stromatolitic bindstone was possibly either controlled by more siliciclastic input that
increased turbidity and smothered microbial growth (indicated by sandstone run-off) or local
increase in lake depth (indicated by carbonate septarian concretions that is interpreted to form in
relatively deeper littoral environment) or another local change in the depositional environment,
such as a salinity gradient that exceeded microbes’ tolerance (Baskin et al., 2012). Eardley
(1938) reported lacustrine microbialite covers tens of square kilometers along the shallow (< 1 m
deep or subaerially exposed) margins of the Great Salt Lake within photic zone, whereas Baskin
et al. (2011) identified stromatolites preferentially develop on structural highs in deeper areas.
Fenestrae and detrital quartz present in the microbialite from the Squaw Canyon area, together
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suggest they also formed in a relatively shallow area. Their relatively extensive distribution
seems to be similar with the broader facies mosaic model derived from the Great Salt Lake,
USA.
In addition, calcite radial fans (spherulites) are only present on the graben block near the
location where Fault 7 and 8 converge (Figures 2.1 and 2.35, zone 1 in Figure 3.4). The
precipitation of calcite radial fans from surface water implies Fault 7 was a conduit for discharge
of Ca-enriched waters, which may help to interpret the origin of calcite radial fans and predict
their spatial distribution relative to faults for subsurface lacustrine facies variation in rift setting.
Their distribution dependent on fault distribution is consistent with the model from the Pyramid
Lake where a series of carbonate build-ups are aligned parallel to the trace of adjacent faults.
Dorobek et al. (2012) also suggested the possible abiotic origin of spherulites and advocated
their abiotic precipitation in lake water associated with seasonal variations.
A thrombolite lense within the burrowed fine-grained sandstone is only present in cycle 8
in Squaw Canyon section 2 (Figures 2.1 and 2.35, zone 2 in Figure 3.4). Since the grain size of
the host rock is very fine, it is more likely for them to be transported as suspended sediments
rather than bed load and therefore the water turbidity was relatively high when the fine-grained
sediments were still in the water column. Periodic variations in turbidity is supported by the finegrained sediments separating generations of thrombolites (Figure 2.14D) and lack of detrital
sediments present within the thrombolite fabric (Figure 2.14E and F), which suggests the
increase in turbidity may have inhibited growth of thrombolites. Thrombolite growth resumed
when the water column became clearer again. It also explains well why thrombolite is sparse in
the burrowed fine-grained sandstone because this is interpreted as the deepest water facies in the
lacustrine system.
99

Overall, the occurrence of stromatolite and calcite radial fans in lacustrine littoral zone
are closely related with syndepositional faults that either created structural highs within the
photic zone or provided conduits for calcium-enriched fluids to discharge. Extensive distribution
of stromatolite in the fault-free Squaw Canyon were also likely within photic zone but their
lateral termination was possibly influenced by local environment controls.
Thus temporal and spatial variation of microbialite and calcite radial fans from Echo
Canyon to Squaw Canyon implies a more complex lacustrine system that incorporates aspects of
all the end member systems.
The depositional and diagenetic analog proposed here provides insight into understanding
and predicting spatial and temporal variations of microbialite and the occurrence of calcite radial
fans in lacustrine littoral zone within rift setting. However, whether the proposed model here is
applicable to Pre-salt lacustrine microbialite still needs comparison against more later released
information from the industry.

100

CHAPTER 4 SUMMARY AND CONCLUSIONS
4.1 Vertical Facies Variation and Its Control
Eleven lithofacies are recognized from the base of the upper member of the Yucca
Formation to the base of the overlying Bluff Mesa Formation between the Echo and Squaw
Canyons in the Indio Mountains, west Texas. The lithofacies are: 1) siliciclastic channelized
sandstone and conglomeratic sandstone, 2) carbonate-clast channelized conglomerate, 3)
polymict-clast channelized conglomerate, 4) burrowed fine-grained sandstone containing
localized lenses of thrombolite, 5) fine-grained sandstone containing carbonate septarian
concretions, 6) calcite radial fans, 7) stromatolitic bindstone, 8) dolomudstone, 9) sandy oysterrich packstone, 10) lime mudstone and 11) fossiliferous packstone. These eleven lithofacies were
further grouped into four depositional facies associations: 1) fluvial channel, 2) lacustrine littoral,
3) marginal marine and 4) normal marine open shelf.
The upper member of the Yucca Formation comprises eleven cycles of interstratified
lacustrine and fluvial facies associations. Cycles consist of an upward shallowing and coarsening
lithofacies progression from 1) lacustrine fine-grained sandstone containing localized
thrombolite lenses; to 2) lacustrine massive fine-grained sandstone containing irregular carbonate
septarian concretions and localized calcite radial fans; to 3) lacustrine stromatolitic bindstone; to
4) lacustrine dolomudstone, capped by 5) fluvial channel facies with a basal lag commonly
containing clasts of the underlying lacustrine facies including stromatolite, carbonate
concretions, lime mudstone and lithic clasts of sandstone or siltstone. Not all facies are present in
every cycle and the spatial and temporal variations of lithofacies within cycles are attributed to
the interplay between rift tectonics and climate.
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All the measured stratigraphic sections reveal the upper member of the Yucca Formation
consists of interstratified cycles of lacustrine and fluvial facies associations. Within each
lacustrine cycle, which averages 6 m and is up to 34 m thick, facies ideally progress upward
from 1) reddish bioturbated or laminated fine-grained sandstone involving localized thrombolite
lenses; to 2) reddish massive fine-grained sandstone including irregular carbonate septarian
concretions and localized calcite radial fans; to 3) stromatolite with irregular chert nodules; to 4)
dolomudstone. Lacustrine cycles show a shallowing-upward and coarsening-upward trend due to
base-level fall and are capped by fluvial facies with a basal lag commonly containing clasts of
the underlying lacustrine facies including stromatolite, carbonate concretions, lime mudstone and
lithic clasts of sandstone or siltstone.
Each lacustrine cycle does not always include all the four lithofacies. The stromatolitic
bindstone in the Squaw and Echo canyons are only present in cycles 1, 2, 4, 6 and the lacustrine
facies association from cycle 7 to cycle 11 only consists of 1) reddish bioturbated or laminated
fine-grained sandstone including localized thrombolite lenses and 2) reddish fine-grained
sandstone including irregular carbonate septarian concretions. This stratigraphic variation of
lacustrine facies association in the upper member suggests a deepening trend as the rift lake
evolved.
The cyclic repetition of lacustrine to fluvial depositional systems is attributed to climate
shifts from semi-humid to semi-arid where increased surface runoff during more humid
conditions collected in rift basin topographic loads and formed lakes. With increased aridity the
lakes dried up and rivers developed across the basin. Cycles display a long-term trend of increase
in average thickness and increase in dominance of lacustrine facies within a cycle. This trend is
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related in this study to long-term climate change to more humid/higher rainfall climatic
conditions.
4.2 Lateral Facies Variation and Its Control
Even though the offset on all the syndepositional faults at Echo Canyon is normally
several meters (average ~5 m and locally up to 10.5 m), the subtle differences in bathymetry
generated by displacement still significantly influence how lacustrine subfacies varies laterally.
For a single lacustrine cycle, stromatolitic facies and dolomite are present only on horst blocks;
whereas, reddish bioturbated or massive sandstone containing carbonate concretions could occur
on both horst and graben blocks. This relationship implies bathymetric differences control the
distribution of lake subfacies associated with fault blocks. Furthermore, the precipitation of
calcite radial fans in graben block is likely associated with discharge and subsequent degassing
of carbonate-enriched fluid along fault, which helps to predict their spatial distribution for
subsurface lacustrine facies in rift setting.
4.3 Diagenetic Variation
Diagenetic alterations and paragenetic sequence are similar in the same facies between
the Echo and Squaw Canyon. Mineral replacements including dolomitization and silicification
were identified in all lithofacies except for thrombolite and calcite radial fans that are locally
distributed, therefore it suggests that they were not preferentially present in any specific facies in
general. Furthermore porosity was negatively affected by cementation and replacement and was
slightly improved by dissolution in relatively deep burial environment. The diagenetic features in
the upper member of the Yucca Formation, particularly in stromatolite facies from the Indio
Mountains, are similar to what Guidry et al. (2009) briefly described from offshore Brazilian
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Pre-salt lacustrine microbialite, however, the porosity generated by dissolution in the study area
is too low to form a reservoir. In general, the average percentage of porosity ranges from 1% to
2% in the lithofacies where porosity exists and does not exhibit a distinct trend of spatial
variation from Echo Canyon toward Squaw Canyon. The only evident spatial variation regarding
diagenetic features between the two canyons is that saddle dolomite found within carbonate
septarian concretions collected from different stratigraphic interval nearby Fault 7 in the Echo
Canyon. It suggests that the region was influenced by hydrothermal fluids likely associated with
the periodical movement of Fault 7. In the Squaw Canyon, saddle dolomite is also present in
samples only from the strata near the crest of a Tertiary igneous dike, suggesting a later timing
hydrothermal influence.
4.4 Depositional Models
The proposed depositional model regarding lateral variations of lacustrine littoral facies
does not directly coincides with any of the current three models regarding the location and
morphology of lacustrine microbialite. Lateral facies variations, particularly the occurrence of
stromatolite and calcite radial fans in lacustrine littoral zone are closely related with
syndepositional faults that either created structure highs within photic zone or provided conduit
for calcium-enriched fluid discharge. Extensive distribution of stromatolite in the fault-free
Squaw Canyon were also likely within photic zone but their lateral termination was possibly
influenced by local environment controls. The stratigraphic cyclicity composed of lacustrine and
fluvial facies in the upper member of the Yucca Formation was primarily controlled by
paleoclimate change.
Overall, the temporal and spatial variations of lacustrine littoral facies from Echo Canyon
to Squaw Canyon implies a more complex lacustrine system that incorporates aspects of all the
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end-member models proposed based on the Great Salt Lake, Pyramid Lake and Lake
Tanganyika. However, whether the proposed model here is applicable to other Pre-salt rift
lacustrine microbialites systems still needs verification from the industry.
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